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ABSTRACT

Votaw, Zachary Steven. M.S.Egr., Department of Mechanical and Materials Engineering,
Wright State University, 2011. Computational Study on Micro-Pilot Flame Ignition
Strategy for a Direct Injection Stratified Charge Rotary Engine.
The Office of Security of Defense’s Assured Fuels Initiative has recently been
pressing for a single fuel battle space. This endeavor requires modifying many of the
vehicle power plants currently in operation throughout the Armed Forces. The RQ-7
Shadow, an unmanned aerial vehicle (UAV) utilized by the Marine Corp and Army for
reconnaissance purposes, is powered by UEL’s AR741 rotary engine and functions on
aviation fuel. One effort underway has been focused on developing this rotary engine
system to operate on heavy fuels using direct injection technology and charge
stratification. Although the rotary engine has many advantages over standard
reciprocating engines, providing a reliable ignition source for the stratified charge within
the sweeping combustion chamber presents challenges. This work made effort to
compensate for those challenges by utilizing a pilot flame ignition system. The system
incorporated a micro-diesel injector and spark plug recessed within an ignition cavity
along the housing of the rotary engine. The pilot flame ignition approach was
thoroughly evaluated by conducting a parametric study using computational methods to
simulate the combustion process. Gambit meshing software was used to build the 3D
rotary engine mesh. ANSYS Fluent was used to formulate and apply the various
III

numerical models describing the combustion phenomena. And lastly, JMP software was
used to perform a response surface analysis in effort to determine the optimal
parameter values for the ignition system. The goal of the parametric study was to
maximize power output and likewise minimize specific fuel consumption. A total of
thirty one cases were performed to complete the study. For the rotary engine operating
at 6000rpm an optimal solution was successfully realized within the design space. The
rotary engine model generated 5.313 horsepower (HP) for the complete cycle of one
chamber. The overall equivalency ratio allocated in the combustion chamber for the
simulations was 0.55. This resulted in a specific fuel consumption of 0.395 lb/hp-h. The
study not only provided evidence to confirm the profitable use of a pilot flame ignition
system applied to the direct injection stratified charge rotary engine (DISCRE), but also
provided multiple insights on the design and operation of such a system.
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̇

Port fuel injection

P
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Computational fluid dynamics
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Orifice channel length
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Homogenous charge

d
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SC
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P1
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TDC

Top dead center

P2

Ambient gas pressure

aTDC

After top dead center

bTDC
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Deff

Effective diameter
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Crank angle

Cc

Contraction coefficient

PDF

Probability density function

Cct

Theoretical discharge coefficient

HP

Horsepower

SFC

Specific fuel consumption

Aeff

Effective cross sectional area

MEP

Mean effective pressure

Veff

Effective velocity

UDF

User defined function

θ

Spray cone angle

Aviation fuel

Ca

Cavitation coefficient

Equivalence ratio

KH

Kelvin- Helmholtz

Average

RT

Rayleigh-Taylor

AvGas
Φ
Avg

Viscosity

r
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Chapter 1 : Introduction
Background
Energy from fossil fuels has been an increasingly decisive component on the 21st century
battlefield. As a result, energy security has been a major concern for the Department of Defense
(DOD). The DOD’s Assured Fuels Initiative (AFI) aims at reducing the department’s usage and
reliance on fossil fuels. One approach being considered in this initiative is the use of a single fuel
for the entire battle space [1]. The use of a single fuel would yield not only massive cost benefits
but would also minimize risking the lives of troops that transport the fuel into battle zones [2].
Such logistics convoys are prime targets for enemy forces and are vulnerable to roadside bombs
and ambushes. For this reason, the transportation of fuel requires a high level of force
protection. Converting all the mobile forces of the military to the utility of a single fuel would
reduce the demand for fuel transport convoys. This would allow combat forces to focus on more
important missions and keep them from unnecessary risk.
The DOD’s task to reduce the use of multiple fossil fuels across the battle space to a single
fossil fuel is daunting. The Army is contributing to the effort by focusing on the tactical edge,
specifically, the modification of small-unit UAVs and Ground vehicles. UAVs such as the RQ-7
Shadow, used by the US Army and US Marine Corps for reconnaissance, surveillance, target
acquisition, and battle damage assessment, currently operate on aviation fuel. The DOD has
determined heavy fuels such as JP8 to be the most suitable replacement [3]. The RQ-7 Shadow is
powered by UEL’s AR741 Wankel rotary engine [4]. Therefore, one of the fundamental
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objectives motivating this study is to enabling the Wankel rotary engine used in the RQ-7
Shadow to operate on a heavy fuel such as JP8 without loss of performance.

History and Present Status of the Wankel Rotary Engine
The Wankel rotary engine, developed in 1954 by Dr. Felix Wankel, is an internal combustion
(IC) engine that performs the four strokes of an Otto cycle (i.e. intake, compression, expansion,
and exhaust) by the rotating of a trochoidal rotor inside an epitrochoid-shaped housing. Its
concept had been derived from a long history of previous developments dating back to 1588
when Agostino Ramelli had invented the first rotary piston type water pump [5]. Before Dr.
Wankel had conceived the idea for internal combustion applications, he first used the rotary
concept at NSU for a compression system. In 1951 his rotary compressor was used as a
supercharger for one of NSU’s motorcycles which happened to break a land speed record. The
concept began developing as an alternative approach to the internal combustion engine three
years later as an effort to achieve a simpler power plant with less moving parts. After further
development and a favorable durability test, it was declared throughout much of the world that
“The rotary engine achieved success.” [5].
This new method of capturing the expansion energy of combusting fuels and converting it
into rotational motion attracted a lot of attention in the engine industry. The rotary engine was
set apart from the reciprocating piston engine in a variety of ways, and was considered to
possess many advantages over it. As a result, Curtis Wright, an American aircraft company,
purchased a license to further develop and produce the Wankel engine. Several automotive
companies followed and purchased a license to conduct their own research and development as
well [6]. However, only a few of the companies including NSU, Toyo Kogyo (Mazda), Suzuki, and
Citroen ever manufactured and marketed automobiles that used the Wankel engine as their
power plant.
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Most recently, the Wankel rotary engine has been applied to a wide range of fields, not just
automotive [7]. Some of these fields include, aerospace [8], marine [9], and industrial [10].
Furthermore, it has successfully been employed in an assortment of unconventional vehicles,
ranging from the U.S Army’s tactical UAV, the RQ-7 Shadow, to Mazda’s 787B, which won the 24
hour Le Mans race in 1991 [11].

Advantages and Disadvantages
The wide range of potential benefits offered by the rotary engine over standard
reciprocating engines has been the driving force of the continued development over the recent
past. A few of the advantages contrary to piston engines are listed below.
1. The rotary engine power plant provides a platform with significantly less moving
parts [5] [6]. The rotary engine due to its efficient method of intake and exhaust
does not require valves, cam systems, lifters, etc. It also does not require
connecting rods since the rotor is directly mounted on an eccentric crank shaft.
This provides a power plant with design simplicity, compact size, and broad
application.
2. Because the rotary engine operates in a smooth whirling motion in one
direction, vibration is minimized. Reciprocating engine components are
constantly reversing direction, starting and stopping, and opening and closing.
This arduous mechanical motion generates not only vibration but also thermal
loading and other unwanted stresses, which often lead to component failure. As
a result, the rotary engine comparatively requires less maintenance and is
considered to be more reliable.
3. The rotary engine has an unusually high power density compared to other
internal combustion engines, being nearly half the size of a piston engine of
3

similar volumetric displacement [6]. This is partially due to the engine’s more
efficient use of the power stroke. The rotary engine provides power to the crank
shaft through each cycle; meaning that for every revolution of the crank shaft
there is a fire pulse that powers it. For a standard single cylinder reciprocating
engine there is only one fire pulse for every two revolutions of the crank shaft.
4. The rotary engine aspirates larger amounts of air per unit volume due to the
extended intake stroke. The intake stroke for each chamber lasts for 270°
rotation of the crankshaft and therefore provides a higher volumetric efficiency
[5].
5. The rotary engine has an intrinsic resistance to knock due to its large surface to
volume ratio, and rotation of the combustion space. [12]
6. The rotary engine typically has less friction loss compared to reciprocating
engines, especially in the high speed range, due to less friction in the rotor than
the piston. Friction loss is reduced also by having no valve train friction. [7]
As mentioned in the previous details, the rotary engine has superior characteristics over
the reciprocating engine including simplicity, reliability, less vibration, high power density, and
high volumetric efficiency. Even with the impressive set of benefits, the Wankel rotary engine
still has some drawbacks. The disadvantages of the rotary engine that have acted as hurdles
toward the ongoing development are listed below.
1. The rotary engine, although simple in operation, requires advanced sealing
mechanisms to seal the combustion pressures in the main chamber. When exposed
to high heat, peak pressures, and combustion byproducts, the apex seals are less
capable of providing a sufficient seal than the piston seals of reciprocating engines.
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The seal at a piston-cylinder interface maintains a constant contact angle as it
follows a simple linear motion, whereas the apex seal at the rotor-housing interface
is always varying in contact angle as the trochoidal rotor rotates.
2. The rotary engine has sweeping volumes which often serve to collect injected fuel
near the trailing edge where the flame front does not reach.
3. Also, the rotary engine occasionally suffers cooling loss due to its high surface area
to volume ratio. Too much cooling loss results in a high quenching effect of the fuel
charge and therefore leads to ignition delay, increased emissions, and ultimately
less power output.
4. The rotary engine does not provide ample turbulent flow when the chamber
reaches its full compression (i.e. minimum volume also known as top dead center
(TDC)). The flow at TDC is dominated by the compression process and is largely
uniform which inhibits the diffusion of fuel and slows the combustion rate.
5. Lastly, the rotary engine has a lack of developmental history. More R&D efforts have
been spent and more data has been published on the advancement of reciprocating
engines than rotary engines. Therefore the design and optimization approaches for
reciprocating engines are more understood than that for rotary engines.
The first four disadvantages mentioned in the foregoing details are the contributors to
the rotary engine’s main disadvantage, that being poor fuel consumption. Poor fuel
consumption is the prime reason why the rotary engine has had limited recognition up to this
point. None the less, there is a considerable amount of interest among researchers, especially in
the military field, for finding solutions to these drawbacks. One of the most promising avenues
for the improvement of the rotary engine is the employment of direct-injection stratified-charge
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(DISC) technology. Conveniently, this technology also enables the rotary engine to operate on
multiple fuels.

Direct-Injection Stratified-Charge
The DISC concept, as applied to a Wankel rotary engine, is a method of fuel injection
that occurs late in the compression cycle to supply a locally homogeneous (overall lean) charge
of fuel at or near the ignition source. The localization of the homogeneous-charge prevents the
fuel from collecting at the trailing edge of the rotor face, therefore, counteracting one of the
main disadvantages of a rotary engine, namely the quenching effect that occurs due to the large
surface-to-volume ratio [13] [14]. Therefore, the late injection ultimately works to improve the
fuel consumption and minimize emissions of the rotary engine.
As previously mentioned, another benefit of the DISC concept is that it equips the rotary
engine with multi-fuel capabilities [8] [15] [14] [16]. Injecting the fuel directly into the chamber
late into the compression stroke as opposed to introducing the fuel as a premixed charge during
the intake stroke allows for a larger tolerance of fuel characteristics. Octane ratings have little
significance with a late injection. Therefore, with direct-injection (DI), pre-ignition can be
avoided when using low octane diesel fuels. In addition to that, using an ignition source to
initiate combustion, instead depending on the fuel to self –ignite, allows for greater tolerance in
regards to the fuel’s cetane number.

Ignition for DISCRE
Initiating the chemical reaction of a fuel-air mixture requires a source of energy for
activation. The most conventional means for delivering this energy is a spark generated by
electrostatic discharge. Spark ignition for pre-mixed engines, where well-mixed homogenous
fuel distributions are persistent, is typically very effective and reliable. However for direct6

injection engines, where non-uniform fuel distributions are provided, spark ignition requires
delicate regulation. Unlike homogenous-charge (HC) engines, stratified-charge (SC) engines do
not provide an ignitable fuel-air mixture throughout the entire domain of the combustion
chamber. SC engines operate by delivering an accumulated charge of fuel to the spark plug,
which often limits the window of opportunity for successful ignition. Consequently, spark timing
and spark location are much more critical for achieving strong and reliable ignition.
Ignition challenges procured by DI are many. However, when DI is applied to the rotary
engine the challenges become even more elaborate. The following section briefly describes
some of the challenges faced with the DISC rotary engine (DISCRE).
1. The edges of the recirculating rotor within the epitrochoidal shaped housing utilize all
the housing surfaces to provide a seal. As a result, there is no free surface available for
the spark plug to extrude into the combustion chamber. The spark plug therefore must
be located in a recessed pocket along the housing where it is often harbored away from
the ideal fuel-air mixture.
2. The combustion chamber of the rotary engine is a sweeping volume. Not only is the
volume expanding and compressing but it is also rotating at one third the speed of the
crankshaft. As a result, the localized homogenous fuel charge is quickly carried with the
chamber over the stationary spark zone, making spark timing and location even more
critical performance factors.
3.

Furthermore, the flow generated by the sweeping volume at the waist of the
epitrochoid housing, called “squish”, causes the flame to propagate faster in the leading
direction and slower in the trailing direction. The rate of combustion is therefore
strongly dependent on the starting point of the flame propagation, which emphasizes
again the importance of spark location and timing. [5]

7

4. Lastly, the flow field uniformity generated by the squish near TDC also provides mixing
challenges for the fuel. The lack of turbulent mixing quality of the flow field for late
injections tends to generate rich mixtures. These rich mixtures are capable of delaying
ignition and even quenching a weak flame kernel.

Alternative Ignition Methods
A variety of efforts have been made by rotary engine developers such as Curtis Wright, John
Deere, NASA, and Mazda to explore alternative ignition strategies for combating these
challenges. The most obvious approach for acquiring reliable ignition is to use multiple spark
plugs [5] [7] [17]. The use of an additional spark plug on the trailing side assists the combustion
in the trailing region that is susceptible to cooling from the squish flow. Using an additional
spark plug also quickens the combustion process by providing an additional flame front.
One of the most cutting edge methods, which has yet to be applied to the rotary engine is
laser plasma ignition, where an acutely focused laser beam provides the activation energy for
the reaction [18] [19]. This method has the potential to ignite a fuel pocket while avoiding
surfaces that hinder flame propagation. The location of the ignition source is determined simply
by adjusting the focal length of the beam. Laser ignition is by far the most advanced, however
at the same time it is also the most underdeveloped and impractical due to the expenses of
materials.
Lastly, an approach that has had some successful recognition in the past is known as pilot
flame ignition. [20] [21] [22]. This strategy involves using a spark or glow plug to ignite a
supplementary fuel charge within a more stationary domain, often a pre-combustion chamber
or ignition cavity (See figure 1). The easily ignited pilot fuel mixes and combusts in the cavity,
expels hot burning gases from the cavity to the main chamber, and successively ignites the main
fuel charge. According to Muroki [22], this method is much more robust than direct spark
8

ignition; as it provides longer flame contact duration to the main fuel charge as well as a larger
flame contact area. Moreover, Abraham [23] found that this method increased the heat release
rate and improved indicated efficiency on his experimental test rig. In light of these benefits, the
pilot flame ignition approach was chosen to be the method for providing a reliable ignition
source to the DISCRE. It is therefore the prime object under investigation for this computational
study.

Figure 1: Pilot flame ignition system

Computational Fluid Dynamics
Often times in research, understanding of phenomena are sought without the means for
attaining it. Whether the pursuit of knowledge is limited by lack of resources or by inadequate
experimental methods, computational modeling has served well to fill the gap. Computational
modeling enables the researcher to perform a multitude of simulations that are cost effective,
repeatable, and potentially more informative than laboratory experiments. As a result,
computational modeling, specifically computational fluid dynamics (CFD), is becoming an
increasingly important part of engine development.

9

Engine laboratory experiments are costly since the testing platform must be well
maintained. Engine prototypes along with each modification come with hours of labor and a
price tag. In addition to that, engine laboratory experiments fall short of explaining the entire
flow phenomena that is occurring within the combustion chamber. This information is difficult
to acquire, especially by visualization, and is therefore inferred from analyzing pressure
transducer and thermocouple data, which involves tedious calibration, error analysis, data
reduction, etc.
ANSYS Fluent commercial software provides a unique platform for performing CFD on
engine models. It offers a wide selection of tools and methods for accurately simulating all the
processes and phenomena of an internal combustion engine. For instance Fluent provides a
discrete phase model (DPM) for modeling the physical interaction between the liquid fuel
particles and continuous gas phase. Fluent also provides a combustion model for calculating the
time-dependent reaction characteristics of the domain species. Fluent provides a viscous model
to determine flow phenomena occurring at the wall boundaries, a turbulent model to simulate
the random eddy behavior of the flow, and even a secondary break-up model to determine the
atomization of fuel droplets. Fluent is a powerful tool for combustion modeling of an engine
and is therefore heavily utilized in this work for investigating the micro-pilot flame ignition
system (MPFIS) as applied to the DISCRE.

Literature Review
As mentioned previously, one of the disadvantages of utilizing the rotary engine as a
vehicle power plant is that it lacks developmental history. There is more to be discovered in the
domain of rotary engine operation, flow mechanics, and combustion processes than there is in
the domain reciprocating engines. None the less, the limited research conducted and published
thus far has been helpful in accomplishing the aim of this project. Below is a brief summary
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describing the current work relevent to rotary engine development and the thesis work being
discussed.
Duane Abata’s paper [13] clearly defines the stratified-charge concept, and provides an
overview of its history, recent advances, advantages, disadvantages, methodologies, and
applications. The article was most helpful in gaining an understanding on the evolution and
development of the stratified-charge concept in the Wankel rotary engine. The paper also
introduces the pre-combustion chamber concept for the ignition of lean mixtures and provides a
variety of configurations that have been previously used in industry. Abata develops a strong
argument for the use of stratified-charge engines and declares that the concept is a “logical
step” in the evolution of power plant development. He emphasizes that this is especially true for
achieving goals of high efficiency, low emissions, and multi-fuel capability.
Walker and Mount present, in [14], a history of rotary engine developments dating back
from the engine’s inauguration by Dr. Felix Wankel to its most technologically advanced state,
with the employment direct-injection and forced induction techniques. The paper overviews the
stratified engine concept employing a dual nozzle injector configuration. In addition to that,
information on market development for the rotary engine such as John Deere’s three
production series of the: SCORE 70, SCORE 170, and SCORE 580 were also briefly discussed.
Overall, Walker and Mount provided a paper that was helpful in evaluating the progress of
rotary engine development throughout its history and serves as a source for many useful
references.
In [24], Charles Jones briefly discusses the stratified-charge rotary engine improvements
realized on larger scale engines. The improvements primarily consisted of turbo charging.
However, other improvements more relevant to this thesis work were briefly mentioned and
included geometric variations of the dual injection configuration and location of spray nozzles.
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R&D activity in 1976 on the RCI-60 (60 cubic inches) indicated that the ATC (After Top Center) or
downstream position of the pilot injector showed less direct spray impingement on the rotor.
Additionally, the RCI 350 (350 cubic inches) testing demonstrated improved thermal efficiency
results with an ATC location of pilot injector, which can be seen in figure 12 of [24]. This
observation provided guidance for establishing effective design parameters of the pilot injector
being modeled.
Charles Jones also discusses in [8] the primary developments of the 5.8 and 0.4 liter
stratified charge rotary engine (SCRE) configurations for application on general air craft and
UAV’s respectively. The 5.8 liter SCRE was configured with a pilot injector and main injector. It
was observed that this configuration provided better operating conditions at low power. The
smaller engine however employed only one injector because there was insufficient room for a
separate pilot nozzle. Jones’ analysis indicated that the twin rotor 40 series UAV engine
achieved a brake specific fuel consumption (BSFC) of 0.43lbs/HP-hr using JP8 fuel. Although this
BSFC was impressive for an engine of its size, Jones anticipated that even lower BSFCs could be
achieved. The paper continues to address further studies on the performance of other SCREs.
Jones concluded that the development of the SCRE is limited by the unavailability of high speed
fuel injection systems.
In Wadumesthrige’s thesis [25] direct-injection spark-ignition (DISI) technology was
applied to a rotary engine. The aim of his research was to work towards better fuel efficiency,
reduced emissions, and multifuel capabilities. This involved developing a 3D computational
model of a 200cc wankel rotary engine and performing a series of simulations in effort to
discover optimum injector and spark settings. ANSYS Fluent commercial software was utilized
for the computational modeling. JMP statistical software was also employed to generate a
design of experiments for sensitivity testing and a full-factorial analysis with horsepower (HP),
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peak pressure, and peak temperature as the responses. Wadumesthrige’s results from the
sensitivity study indicated that the injector orientation, injector location, and injector timing
were the three factors that effected these responses the most. Therefore, these parameters,
along with spark location and spark timing, were considered in the full-factorial study. The fullfactorial study made no prediction but simply indicated the best setting of the three levels that
were tested for each parameter. The results have small application to the work being discussed
in the paper due to that fact that Wadumesthrige’s research was taylored for a HC rotary
engine whereas the work presented in this thesis is focuse on a SC rotary engine. The value of
Wadumesthrige’s work comes from his methodolgy. The methods descirbed by Wadumesthrige
[25] for computer modeling and statistical analyis were shown to be successful and were thus
worthy of emulating in this current work.
Muroki, in his work [21], investigated the air flow, injection spray, ignitability, and
combustion process for a 700cc DISCRE with a pilot flame ignition system (PFIS) as a first stage
of development. The PFIS used a glow plug for igniting the fuel rather than a spark plug. The
laboratory experiments were conducted in a static combustion chamber that roughly mimicked
the conditions found in rotary engine operation. The pilot injector was located downstream
with the spray directed against the airflow while the main injector was located upstream with
the spray directed with the airflow. Characteristics of misfire rate, ignition delay, and maximum
pressure, were tested as the amount of pilot fuel injected was varied. The results indicated that
more pilot fuel provided improved ignition stability. Another parameter tested was the relative
distance between the pilot injector and glow plug. 8mm, 11mm, and 14mm distances were
tested. Results indicated that greater ignition stability was achieved with greater separation. It
was reasoned that greater distance allowed for the spray to disperse and increase the impinging
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area on the glow plug. Muroki concluded that the pilot flame ignition approach has an
important role as a heat energy supply source for combustion of the main fuel.
Muroki’s work in [22] was a continuation of the previous work just mentioned in which
the combustion process for a 700cc DISCRE with a PFIS was compared to the combustion
process that used a spark ignition system. The two ignition systems were tested using a static
chamber designed to mimic the changes of airflow and pressure fields inside the chamber of an
actual rotary engine. The PFIS employed a glow plug to ignite the spray from the pilot injector
and subsequently ignite the main fuel charge. The results indicated that the pilot flame released
significantly more heat, attained a much larger contact area, and had a longer duration than the
spark. While performing the experiments, Muroki also discovered how the protrusion of the
spark plug electrode into the chamber affects the combustion characteristics. With the spark
plug electrode protruding into the chamber 6.6 mm the test rig had a misfire rate of 80%.
However when the electrode was adjusted to protrude 9mm into the chamber the misfire rate
decreased to 20%. An actual rotary engine chamber with moving parts would allow for zero
protrusion of the electrode. This often hinders sufficient fuel delivery to the ignition source. The
observations from Muroki’s work presented a strong case for the need of an alternative ignition
system along with the pilot flame ignition approach as a means to satisfy that need.
In Abraham and Magi’s article [23] twelve computations of the combustion process in a
663cc SCRE with a PFIS located downstream of main injector were performed. The PFIS was
considered a necessary component to ensure the reliable ignition of non-uniformly distributed
fuel, inherent in stratified-charge methods. Parameters that varied among the twelve cases
included: retraction of the pilot injector, retraction of the spark plug, main injector timing, pilot
injector timing, spark timing, and fuel injector flow rate. Several important observations were
made from the results. First, it was found that the flow field from the main chamber generated a
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vortex within the cavity which was utilized to convect fuel droplets toward the spark plug.
Secondly, greater retraction of the pilot injector as well as advanced pilot injector timing relative
to spark timing yielded more favorable fuel distributions in the cavity. Thirdly, it was discovered
that proper correlation of the main injection timing with the pilot injection timing, so that the
flame in the cavity ignites the main fuel before TDC, was crucial for optimum performance.
Lastly, the retraction of the spark plug within the ignition cavity did not significantly affect the
overall combustion characteristics of the engine. In conclusion, this work identified important
parameters to consider in the development of a PFIS. Optimized parameters however were not
determined and the details of cavity geometry and placement on the housing were not
considered. Never the less, the work performed by Abraham and Magi provided strong
preliminary information for performing the parametric study on the MPFIS.
Mavinahally et al [20] performed investigations on a torch ignition strategy as a means
for improving combustion, fuel economy, and emission of lean burn premixed-charge engines.
The engine used for the experiments was not a rotary engine but a 661cc single-cylinder
compression ignition engine modified to operate on lean gasoline-air mixtures with spark
ignition. The torch chamber varied by volume, number of nozzles, nozzle area, and torch jet
direction. Four configurations were tested with different spark plug locations and under
different loading conditions. The torch ignition system operated by igniting a mixture of
unburned fuel-air and residual gases with a spark from inside the torch chamber. The burning
gases within the chamber were expelled through the nozzle orifices into the main chamber to
ignite the lean gasoline-air mixture. Form the results, Mavinahally found that his torch ignition
strategy was capable of extending the lean operation limit from 23:1 to 25:1 under normal
loading conditions and also capable of reducing cycle to cycle variations. Most importantly, it
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was discovered that the torch ignition strategy led to significant improvement on thermal
efficiency.
In Beale’s work [26] a model for computing diesel and gasoline sprays was developed
using KIVA to match the experimental data collected by Siebers [27]. The experimental data
consisted of liquid penetration measurements as functions of orifice diameter, injection
pressure, ambient gas density, ambient temperature, fuel temperature, and aspect ratio. Beale
used the trends found by Siebers for validating her KH-RT spray model. The computational
model satisfactorily predicted trends of Siebers’ experimental data. Since the data sets agreed,
the appropriate model constants were determined. Beale concluded that the KH-RT model
would be useful for multi-dimensional engine simulations. The work of Beale was significant for
the reason that it provided a methodology for performing a spray model validation.
The work performed by Baik* is presented in [28] in which micro-diesel injector nozzles
were developed in effort to accomplish high-quality atomization of fuel while avoiding wall
impingement for high pressure injections into lower density gas chambers. Fourteen microplaner orifice nozzles were fabricated with varying orifice diameters ranging from 40 to 260
microns and with varying number of orifices on each nozzle ranging from 1 to 169.

A Bosch

injector was used for the high injection pressure experiments. These experiments involved
injecting diesel fuel into a pressurized constant volume cylindrical chamber and gathering the
spray characteristics using optical diagnostic techniques. Local drop sizes were measured along
with average drop sizes of the whole spray. From this data it was shown that the spray tip
penetration speeds and cone angle depended on total mass flow area. It was also determined
that the sauter mean diameter decreased as the diameter of the orifice decreased. In
conclusion, the tests performed by Baik showed that the micro-orifice nozzles provided the
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same qualitative trends (i.e. spray kinematics and droplet size) that are common in larger-scale
orifice nozzles.
In Raju’s work [29] a computer code was developed for the 3D modeling of combustion,
spray, and flow properties in a 700cc stratified-charge rotary engine. The rotary engine model
used an aTDC pilot injector configuration and varied the injector conditions for two cases. The
engine speed was held constant at 4400rpm but the overall equivalency ratio for the two cases
differed. The equivalency ratio is defined as the ratio between the actual fuel-air ratio and the
stoichiometric fuel-air ratio. Case 1 was run with a pilot and main injector start timing at -50°
and -29° from TDC, respectively, and provided overall equivalency ratio of 0.42. Case 2 was run
with a pilot and main injector start timing at -33° and -32° from TDC, respectively, and provided
an overall equivalency ratio of 0.53. Several significant phenomena were observed from the
two computer simulations regarding the flow field, fuel-air mixing, and combustion process.
Incomplete combustion for case 1 was attributed to lack of turbulent intensities within the rotor
pocket and also from the lack of forming recirculation regions. Turbulent intensities at TDC were
dominated by the compression process and thus the flow field was strictly unidirectional.
Alternatively, case 2 yielded a complete combustion and this was attributed to the later pilot
injector timing which provided a larger accumulation of fuel vapor near the spark plug during
the spark event. Raju’s work served to highlight the role turbulent kinetic energy plays in the
fuel-air mixing process and also demonstrated that the pilot injector timing is a significant factor
affecting the combustion process of a SCRE.

Thesis Outline
The main focus of this thesis, as supported by the background summary and relevant
work discussed so far, was to determine the optimum parameters for a micro-pilot flame
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ignition system (MPFIS) applied to a 200cc Wankel rotary engine. The rotary engine geometric
profile that was modeled resembled that which is used in the RQ-7 shadow. The MPFIS utilized a
micro-diesel injector as motivated by Baik [28] to avoid both excessive amounts of fuel and
excessive penetration of the fuel while maintaining sufficient atomization properties. The
parameters used for the parametric study were carefully chosen from those that showed
significance in the literature just reviewed.
The work performed for this thesis project is presented in the following chapters of this
paper. Chapter 2 provides a detailed description of the computational model used for the
experimental simulations, including mesh generation, sub-models, solver settings, initial
conditions, boundary conditions, and main injector settings. Chapter 3 describes the procedures
used for obtaining a valid spray model and indicates the final parameter values used for the
discrete phase treatment. Chapter 4 narrates the development of the parametric study and
shares a thorough explanation of the results. Chapter 5 observes how the optimized MPFIS
performed at different engine speeds. Lastly, the remaining portion of the paper concludes the
work and shares a variety of avenues available for future DISCRE development.
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Chapter 2 : Computational Model of Rotary Engine
Modeling Engine Geometry
Any computational analysis of a mechanical system requires a model with defined
boundary conditions, constraints, physical characteristics, and mathematical relationships
describing the systems dynamics. A 3D model of a system begins with a geometric model
typically generated using a CAD software. The Wankel rotary engine model used in this study
was generated in Solid Works and is discussed in more detail in [25]. The physical parameters of
the rotary engine described in table 1 are similar to the AR741 rotary engine used in the RQ-7
Shadow UAV. For a thorough geometric analysis of a standard Wankel rotary engine refer to [5].
Parameters of the Wankel Rotary Engine
Generating radius (mm)
71.5
Eccentricity (mm)
11.6
Rotor width (mm)
48.2
Displacement volume (cm3)
208
Compression ratio
8.85
404° CA
Intake port duration
Exhaust port duration
396° CA
Exhaust-Intake Overlap
128° CA
K-factor
6.16379
Table 1: List of physical parameters of the Wankel engine under
investigation

The Solid Works model was used to extract the fluid volumes of the rotary engine for
meshing. The fluid volumes of the rotary engine are shown in figure 2 with labeled zones.
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Figure 2 : 3D fluid model of rotary engine

Zone 1
Zone 2
Zone 3
Zone 4
Zone 5
Zone 6

Exhaust fluid
Chamber B fluid
Ignition cavity fluid
Chamber A fluid
Chamber C fluid
Inlet fluid

Table 2: Zone assignments

Meshing
ANSYS Gambit meshing software was used to breakup up each zone into discrete
tetrahedral elements for the numerical computations. A T-grid scheme was used for this
process. The T-grid scheme is suitable for most volumes and requires the least amount of
geometry decomposition. However, in order to minimize element skewness and provide a mesh
with the least number of elements, decomposition was necessary. The decomposition was
applied to the apex seal geometry of the rotor in which a thin wall boundary was used [25].
Zone 3, because of its the complex curvature and small scale relative to the rest of the model,
required smaller mesh intervals with pre-meshing on the edges and the interface. The final
mesh is illustrated in figure 3. It consists of approximately 140,000 elements, all of which fell
within range of the equiangle skewness limit. For a quality 3D mesh, it is recommended by
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ANSYS that the equiangle skew for tetrahedral elements does not exceed 0.9. Skewness that
exceeds this limit can result in inaccurate solutions and slow convergence. The final mesh had a
max skewness of 0.87.

Figure 3: Rotary engine mesh

The Wankel rotary engine model used for the study required a dynamic mesh, meaning,
that the dynamic parts of the engine (i.e. epitrochoid housing and rotor faces) were assigned
meshes which allowed for the boundaries of the cell zones to move relative to other boundaries.
The motion of the cell zone boundaries were governed by a user defined function (UDF) which
was developed by Zongxian Liang of Wright State University’s Flow Simulation Research Group
(FSRG). As the cell boundaries moved with the prescribed motion, the interior mesh and
adjacent boundary meshes deformed to maintain a consistent grid. The nodes corresponding to
the dynamic mesh cells were therefore updated with respect to time.
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The rotary engine model above consisted of four dynamic mesh zones. The cell zone
boundaries that were governed by the UDF included the three rotor faces and epitrochoid
housing. The interior volume of each combustion chamber, along with the front and back faces
of the housing, deformed according to the pre-scribed motion of the user-defined zones. The
inlet, exhaust, and pre-chamber were stationary zones and thus did not deform.
The meshes in each of the deforming zones were updated using two methods;
smoothing and remeshing. The smoothing scheme used to treat the dynamic mesh was springbased. The spring-based smoothing method treats the edges between mesh nodes as a network
of coupled springs with a specified spring constant factor. When the mesh nodes on the
dynamic boundaries deform according to the prescribed motion, their edges expand or
compresses generating a fictitious spring force on the adjacent mesh nodes. The force
generated is proportional to the updated displacement of the boundary nodes along the spring
edges. The interior mesh node positions are updated using iterative methods in order to satisfy
equilibrium of all the interconnected springs in that zone. The spring constant factor used for
this study was 1 with a boundary node relaxation of 0.5 and convergence tolerance of 0.001.
The spring-based smoothing method is ideal for small boundary displacements relative
to cell size. For large boundary displacements however, a local remeshing process is often
necessary to achieve a quality mesh. The distinct motion of the rotary engine requires expansion
and compression of the interior cell-zones as well as translation and rotation. Spring-based
smoothing alone cannot accommodate this elaborate behavior of the dynamic zones, therefore
a remeshing method was used in conjunction with the spring-based smoother for updating the
mesh. The remeshing process involves examining all the cells in the zone, marking the cells that
fail to meet the mesh criteria established by the user, and patching a new mesh over the local
area of the marked cell. If the local remeshing fails to generate a better mesh, the entire zone is
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remeshed. The following parameters listed in table 3 were used for the remeshing process of
each dynamic zone and indicate the size criteria and desired skewness of the mesh.
Remeshing Method Parameters
Minimum length scale
0.001
Maximum length scale
0.003
Maximum cell skewness
0.75
Maximum face skewness
0.7
Table 3: Dynamic mesh settings

The mesh of the rotary engine model prior to mesh motion is shown in figure 3. The
final mesh after a complete cycle of the mesh motion, 1080° of the crank shaft, is shown in
figure 4.

Figure 4: Rotary engine mesh after dynamic mesh motion

Grid Independent Study
A grid independent study was performed to verify that the mesh size was sufficient. The
mesh models ranged from 78,000 mesh elements to 280,000 mesh elements. Three of the grids
that were tested are shown in figure 5. A cold flow simulation was performed on each of the
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grids and the flow characteristics were compared to expose any distinction in the results among
the varying grid sizes.

78,000 element mesh

140,000 element mesh

280,000 element mesh

Figure 5: Mesh grids used for grid independent study ranging from 78,000 elements to 280,000 elements

The cold flow characteristics were compared using pressure traces and temperature
plots from chamber C of the rotary engine model, along with temperature contours and velocity
contours from the mid-plane of the fluid volumes. The pressure traces and temperature traces
as shown in figure 6 and 7 indicate that the coarse (78,000 element) grid did not converge onto
the fine (280,000 element) grid. The 140,000 element grid, on the other hand, did. Likewise, the
mid-plane temperature contours and velocity contours of the 140,000 element and 280,000
element cases indicated very strong agreement despite the mesh size difference. These
contours are shown in figures 8 and 9. From the results of this analysis it was concluded that
grid independence was achieved at a mesh element count of 140,000 elements. Therefore the
140,000 element mesh just described was used for the combustion simulations of the
parametric study.
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Figure 6: Pressure trace of chamber C for varying mesh sizes.

Figure 7: Temperature profile of chamber C for varying mesh sizes
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140,000 grid elements

280,000 grid elements

Figure 8: Comparison of temperature contours at 180° CA

140,000 grid elements

280,000 grid elements

Figure 9: Comparison of temperature contours at 180° CA

Sub Models
The computational model of the rotary engine consists of a variety of sub-models that
function together to simulate the real physical phenomena of the entire combustion process. A
selection of these sub-models include the viscous model, species model, spark ignition model,
and DPM.
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The Viscous Model
The viscous model characterizes the flow being simulated and provides several options
for flow treatment. The flow inside an internal combustion engine is treated as fully turbulent
flow. Fluent offers a selection of turbulence models including the realizable k-epsilon model. The
realizable k-epsilon model is the most popular for industrial flow and heat transfer problems
due to its cost effectiveness, robustness, and suitable accuracy. Thus, the realizable k-epsilon
method was used in this study for simulating the flow phenomena in the rotary engine.
The Species Model
The species model characterizes the species transport and combustion processes
occurring within the combustion chamber. Fluent provides five models to choose from: species
transport, PDF composition, premixed, non-premixed, and partially-premixed.
The species transport model is applicable for a broad range of studies. It simulates the
transport and mixing of chemical substances for volumetric reactions, wall-surface reactions,
and particle-surface reactions. The transport and mixing processes are characterized by solving
the Reynolds-averaged equations for convection, diffusion, and reaction sources of each
component species.
The composition PDF (probability density function) model is applicable for simulating
finite-rate chemical kinetic effects in turbulent reacting flows. It requires the use of a chemical
mechanism to predict flame ignition and extinction as well as kinetically controlled species.
Instead of using Reynolds-averaging on the species and energy equations, as the species
transport model does, the composite PDF model formulates a transport equation from the
species and energy equations to derive a single point joint PDF. The PDF therefore indicates the
fraction of the time that the fluid spends at each species, temperature, and pressure state. This
model offers high accuracy however, it is computationally expensive.
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The premixed combustion model is for applications such as aspirated internal
combustion engines and gas leak explosions in which the fuel and oxidizer are introduced into
the domain as already being mixed at the molecular level. The combustion process is treated as
a “flame brush” spreading into the unburnt reactants. The model utilizes a reaction progress
variable to determine the advancement of the reaction from unburnt to burnt. The rate at which
the reaction or “flame brush” spreads is determined by laminar flame speed and turbulent
eddies.
The non-premixed combustion model is for applications such as diesel internal
combustion engines and pulverized coal furnaces in which the oxidizer and fuel are individually
introduced into the domain. The combustion process is treated as a mixing problem where the
flame propagation is governed by the relationship between mixture fraction, temperature,
density, and species fractions under the assumption of chemical equilibrium.
The partially-premixed combustion model is for applications such as direct-injection
spark-ignition and lean premixed combustion with diffusion pilot flame in which non-uniform
fuel-oxidizer mixtures are introduced into the domain. The partially-premixed combustion
model is a combination of the two previous models discussed. It utilizes a reaction progress
variable to determine state of the reaction. Likewise, it uses the unburnt mixture fraction
variable from the non-premixed model to calculate the species mass fractions, temperature, and
density in front of the flame front. Behind the flame front the equilibrium mixture fraction is
used. Since the DISCRE combustion process under investigation requires non-uniform fueloxidizer mixtures and a spark ignition, the partially -premixed model is employed to simulate the
combustion process.
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The Spark Ignition Model
The spark ignition model provided by fluent provides a method for initiating the
combustion process by electrical discharge. The model is greatly simplified relative to the actual
physical details that describe the spark event. Nonetheless, with the correct parameter values, it
effectively represents the spark event for triggering combustion. The parameters used to
describe the spark are listed in table 4.
Spark Model Parameters
Shape
Sphere
Spark radius (mm)
0.8
Spark location (x,y,z)
Variable
Spark energy (J)
0.1
Spark start time (deg)
Variable
Spark duration (s)
0.000556
Spark diffusion rate (s)
0.001
Table 4: Spark settings

The Discrete Phase Model
Fluent’s DPM performs many different tasks in effort to accurately treat multi-phase
flows. The DPM is responsible for computing particle motion, heat and mass exchange between
the particle and continuous phase, particle interactions with wall boundaries, particle breakup,
and particle collisions. The process for setting up the DPM is therefore extensive. For more
information on the Fluent’s DPM refer to [30]. The essential uses of the DPM in the rotary
engine simulations are for modeling the fuel injection process and the particle breakup process.
The fuel injection process is described in the proceeding section, and the particle breakup
process is detailed in chapter 3.
Main Injector Settings
The main injector used in the simulations mimicked the Bosch piezoelectric injector with
an 8-hole micro-sac tapered nozzle as described by Payri in [31]. Three of the eight orifices were
not utilized. Therefore, the injector issued five plumes of fuel against or perpendicular with the
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flow as shown in figure 10. Of the several injector models available for use in ANSYS Fluent, the
solid-cone injection was most suitable for describing the spray. The solid-cone injection model
requires the user to input the flow rate, initial diameter / size distribution, position, velocity of
the droplets entering the domain, and the cone angle of the spray. Solid-cone injection is ideally
used when these parameters are known from experimental data. In this case, the experimental
data was unavailable for describing the initial spray. The nozzle geometry provided by Payri [31],
however, allowed for the theoretical computation of these initial spray characteristics.
The mass flow rate was calculated using a combination of the continuity equation and
Bernoulli equation for steady incompressible flow through an orifice.
̇

(

)

Where A is the cross sectional area of the orifice, ρL is the density of the fuel, Δp is the
pressure drop across the orifice, and Cd is the discharge coefficient as determined by a
correlation found in [32]
⁄ )

(

√
Cdu is the ultimate discharge coefficient determined by the length of the orifice L and its
diameter d. Reh is the Reynolds number based on hydraulic head and μ is the viscosity of the
fuel.
The liquid jet exiting the orifice was assumed to be cavitating as Payri’s paper implies [31].
As a result, the initial droplet diameter was calculated from the effective cross sectional area of
the cavitating flow at the orifice exit. Beale and Turner use the same approach to define their
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initial droplet sizes in [26] and [33]. The effective area (Aeff) and effective diameter (Deff) of the
orifice (i.e. initial droplet diameter) is calculated using the following correlation in [34].

√

√
Where Cc is the contraction coefficient, Cct is the theoretical discharge coefficient for a
flipped nozzle which equals 0.611, r is the radius of curvature preceding the orifice channel, d is
the actual orifice diameter, and A is the actual cross sectional area of the orifice.
The radius of the solid cone injection (not to be confused with the radius of curvature r from
the previous equation) defines the circular domain in which the droplets are released from. This
parameter is useful for modeling sprays at a distance away from the nozzle exit. For these cases,
ANSYS stochastically determines and distributes the initial positions of the droplets within the
area governed by the radius.

Since the spray is being modeled at the tip of the nozzle, the

radius is simply half of the effective orifice diameter.
The velocity magnitude of the flow (i.e. speed of droplet) was derived from the continuity
equation using the effective cross sectional area of the orifice under the assumption that the
velocity profile was uniform.
̇

Where

is the effective uniform velocity at the nozzle exit, and ̇ is the mass flow

rate exiting the orifice.
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The spray cone angle governs the directional component of the droplet velocity. ANSYS
stochastically distributes the initial droplet trajectory within the bounds of the spray cone angle.
The spray cone angle was determined from a correlation found by Ranz [35] which is also
described in the ANSYS theory guide [36].

(

√

√

)

In this these equations, Ca is the cavitation coefficient, ρg is the gas density, ρl is the liquid
density, L is the orifice channel length, and d is the actual orifice diameter.
The injection timing was figured by pulse width limitations of the injector and the
amount of fuel necessary to achieve a lean mixture with an overall equivalency ratio

of 0.55 in

the combustion chamber. N-Decane was utilized as the fuel because it serves as an adequate
surrogate for heavy diesel fuels and its thermodynamic properties were available within Fluent’s
database. The equivalency ratio is defined as:
.
Where the stoichiometric reaction for N-Decane and air is:
(

)

(

)

.

After intake, the combustion chamber C of the rotary engine (Zone 5) had 1.5766x10 -3
moles of O2 and 5.929x10-3moles of N2. The stoichiometric balance requires that for every 15.5
moles of O2 there be 1mole of C10H22. Therefore, the amount of fuel required for stoichiometric
mixture was

Where the molar mass of C10H22 is 142.29g which gives
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The total amount of fuel required for achieving an overall equivalency ratio of 0.55 is
simply 55% of the fuel necessary for achieving a stoichiometric mixture; hence 7.975mg.
Main Injector Parameters
Injection type
Number of plumes
Evaporation species
Position on the housing
Injection pressure
Droplet diameter
Fuel temperature
Injection start time
Injection duration
Velocity magnitude
Cone angle
Radius
Flow rate per orifice
Total fuel

Solid cone
5
C10H22
15° below TDC
72 MPA
110 µm
330°K
266.5° crank angle
25.5° (0.7ms)
243 m/s
2.5°
55 µm
0.002252 kg/s
7.975mg

Table 5: Main injector parameter settings for parametric study

Figure 10: Main injector particle tracks from various views at a CA of 280° (24° after main injection)

Boundary Conditions
The geometric model of the rotary engine is made up of twenty one surfaces, one
pressure outlet, and one pressure inlet. Each of these components required a boundary
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condition. The boundary conditions used in this study were gathered from the previous work by
Wadumesthrige [25] in cooperation with AFRL. Figures 11-12 label the components and tables
6-7 list each of the components with their assigned boundary condition.

Figure 11: Rotary engine schematic with labeled boundary zones

Figure 12: Rotary engine schematic with labeled boundary zones
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Surface
Pressure outlet
Pressure inlet
Pressure outlet wall
Pressure inlet wall
Housing wall A
Housing wall B
Housing wall C
Rotor face A
Rotor face B
Rotor face C
Pre-wall
Front wall A
Front wall B
Front wall C
Back wall A
Back wall B
Back wall C

Temperature
(K°)
810
300
750
350
560
560
560
588
588
588
560
560
560
560
560
560
560

Table 6 : Temperature boundary conditions

Surface
Pressure outlet
Pressure inlet

Pressure (Pa)
101325
101325

Table 7: Pressure boundary conditions

Initial Conditions
Before beginning the computation, the flow field for each fluid volume was initialized.
The initial values of temperature and pressure for the fluid volumes were determined from the
results of a cold flow case in which the engine performed one cycle (one full revolution of the
rotor) without fuel injection or spark at 6000rpm. The temperatures and pressures of each fluid
volume of the cold flow case, at the end of the cycle, were recorded and applied to each
corresponding fluid volume of the combustion simulation. Table 8 is a list of the fluid zones and
their initial average values set for each simulation.

Gauge pressure (Pascal)
Turbulent kinetic energy (m2/s2)

Chamber A
1755929.56
1e-5
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Chamber B
13552.65
1e-5

Chamber C
-2857.83
1e-5

PC
1755929.56
1e-5

Turbulent dissipation rate (m2/s3)
Temperature (k°)

1e-5
818

1e-5
345

1e-5
345

1e-5
818

Table 8: Initial conditions for each fluid volume of the combustion case

Solver settings
Selecting an appropriate solver and algorithm is a major task in performing
computational studies. Considerations involved in choosing a suitable method include:


Performance of the solver for the given flow conditions



The size of the mesh



Available memory and processing power provided by the machine



Budget of time and resources

For the simulations underway, the flow is considered unsteady and incompressible.
Therefore, a pressure-based solver is required since the equation of state is not applicable like it
is otherwise for incompressible flows. The pressure-based approach determines the pressure
gradient using a pressure correction equation. The pressure correction equation is derived from
the provisional velocity field and the continuity equation. Once the pressure gradient is
computed from the pressure correction equation, it is used as a correcting factor to determine
the actual velocity field. This solution strategy is used as a means to couple the pressure and
velocity terms provided in the conservation equations. It falls under the classification of the
popular projection method.
For transient calculations, Fluent recommends using the PISO solver (Pressure-Implicit
with Splitting of Operators) to treat the pressure-velocity coupling of the pressure-based solver.
The PISO scheme provides an advantage over other pressure-based schemes such as the SIMPLE
and SIMPLEC. This is because it performs two additional corrections that satisfy the momentum
balance after the pressure correction equation is solved. The additional corrections allow for
stability when larger time-steps are used and enable larger neighbor correction factors for faster
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convergence. The simulations in this work therefore use the PISO solver with the neighborhood
correction enabled. The skewness correction is not utilized because the mesh is not considered
highly distorted.
In order to discretize the convection and diffusion terms in the flow conservation
equations, the gradients must be computed. Gradients are used for determining velocity
derivatives, secondary diffusion terms, and cell-face values. The Green-Gauss Cell-Based
algorithm is one of three methods that Fluent provides for evaluating gradients. This method is
used for the current study because it is computationally less expensive than the others. The gain
in computational time using the Green-Gauss Cell-Based method outweighs the gain in accuracy
using the other methods.
The spatial discretization schemes used for the remaining solver components such as
pressure, density, momentum, etc. are listed in the table below.
Solver Component
Pressure
Density
Momentum
Turbulent kinetic energy
Turbulent dissipation rate
Energy
Progress variable
Mean mixture fraction
Mixture fraction variance

Discretization Method
Standard
First order upwind
First order upwind
First order upwind
First order upwind
First order upwind
First order upwind
First order upwind
First order upwind

Table 9: Spatial discretization schemes for solver components

The machine that performed the computations was custom built with an i5-2400 3.10
GHz quad-core Intel Processor, 12 GB of ram, and a Windows 7 Enterprise operating system.
Each simulation required the use of one core. The computation time for each case was
approximately 31 hours and required 15GB of hard disc space for data storage. A total of thirtyone cases were run for this study.
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Model validation
An attempt was made to validate the computational model with experimental data from
a rotary engine test rig at LK facilities. The validation work was funded by AFRL and was
performed by another member of the WSU Flow Simulation Research Group, Michael Resor,
who was under contract. His validation work is shown in the appendix. The pressure transducer
data indicates that the experimental engine was suffering from frequent misfires. For that
reason, this validation effort is considered more of a first-order proof of concept. Comparing the
computational results with the experimental results indicated that the computational model had
a tendency to under predict the power output. Therefore, it is likely that the simulation results
in this study were a conservative estimate. Efforts are currently underway to achieve more
resolute experimental data for the engine model validation.
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Chapter 3 : Injector Model Validation
Spray modeling for DI Engines
The combustion performance of a DI engine is largely dependent on fuel charge preparation
[37]. Fuel charge preparation encompasses the fuel injection process along with spray
atomization and fuel-air mixing. For DI engines, quality combustion, clean emissions, and high
burning intensity require fuel-air mixtures close to the stoichiometric limit. Macroscopic
attributes of the spray such as liquid penetration length and spray cone angle are strong
indicators regarding the quality of the fuel-air mixing process. Microscopic properties of the
spray, such as droplet size, droplet breakup, droplet heating and evaporation, are important
elements as well, and govern some of the macroscopic attributes. Therefore, accurate modeling
these microscopic properties is necessary when it comes to computing the combustion cycle.
One of the most important elements in modeling the microscopic spray behavior is the
droplet breakup treatment. Fluent’s DPM model governs processes such as droplet heating,
evaporation, motion, and secondary breakup. Literature indicates that these processes
cooperate together to indirectly determine the macroscopic characteristics of the spray, such as
liquid penetration length. As a result, the liquid penetration length serves as an excellent tool
for validation. Beale and Turner [26] [33] both realized this and thus used liquid penetration
length as an important parameter in their spray model validations.
In Beale’s work, a model for computing diesel and gasoline sprays was developed using KIVA
to match the experimental spray data collected by Dr. Dennis Siebers of Sandia National
Laboratories [27]. The experimental data used consisted of liquid penetration measurements as
functions of orifice diameter, injection pressure, ambient temperature, and fuel temperature,
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which were measured after the spray had reached a steady state. Likewise, the effort presented
in this chapter was focused on accomplishing the same task as Beale. The only distinction being
that ANSYS Fluent was used instead of KIVA, and penetration length as a function of fuel
temperature and ambient temperature was not considered.

Common Breakup Models
Several mathematical models for describing spray atomization (droplet breakup) exist,
however, only a few have been thoroughly developed in the recent past. Three of the most
widely used models include the classic wave model, the TAB model, and the KH-RT model. Each
method is briefly described below.


Wave Model – Droplet breakup is induced by relative velocity between gas and
liquid phase. The model determines the breakup time and size of the droplets by the
fastest growing Kelvin-Helmholtz (KH) instability. See [33] [38].



TAB Model (Taylor Analogy Breakup) – Droplet breakup is induced by critical
deformation of the oscillating droplet. The droplet is modeled as a forced, damped,
linear, harmonic oscillator. See [39].



KH-RT Model – A composite model where droplet breakup is induced by KH
instability and Rayleigh-Taylor (RT) instability. Both the KH and RT methods use the
fastest growing wave to characterize breakup. KH instability is used to breakup
liquid core, where RT instability, due to acceleration of shed drops, is used to
breakup droplets as they pass beyond a specified length. See [33] [40] [38].

Of the three just mentioned, the KH-RT model has been recommended to predict drop
size trends closest to experimental data [38]. Alternatively, the wave model is easier to
implement and fine tune. The wave model has only two parameters that need adjustment as
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opposed to four provided by the KH-RT. Not to mention, Turner suggests that the Wave model
results in “good overall spray shape” [33] and when Hossainpour [41] assessed these two
models, he found that both models made pressure predictions in close agreement with
experimental data. Only a “slight” difference was shown between the two. Thus, in effort to
simplify the model and enable easier calibration, with little compromise, the wave model was
preferred over the KH-RT for this study.

Fluent Computational Spray Rig
A computational model was built in ANSYS Meshing, which was similar to the gas
chamber used in Siebers’ experiment. The 3D mesh model of the chamber had dimensions
75x75x200 mm. The chamber contained 68608 mesh elements and 74052 nodal points. The
chamber mesh is shown in the figure 13 and the mesh characteristics are displayed in table 10.
The grid size is biased along the edges in effort to refine the mesh near the nozzle region and
coarsen the mesh elsewhere to improve computational efficiency. Therefore, the cell volumes
range from 4.33e-10 m3, at injection point, to 1.39e-07 m3, at outer limits of the chamber where
the free stream is largely unaffected.

Injector
Nozzle
Region
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Injector
Nozzle
Region

Figure 13: Mesh model of spray chamber

Min Orthoganal Quality

Max Cell Equiangle Skew

Max Cell Equivolume Skew

0.99341164

0.07543551

0.05656017

Maximum Cell Volume

Minium Cell Volume

Chamber volume

1.3925549e-07m3

4.330415e-10m3

0.001125m3

Table 10: Spray chamber mesh properties

Solid-Cone Injection Parameters
The injection spray parameters were computed using theoretical methods as described
in the previous chapter. The values for the solid cone spray model with varying injection
pressures are listed in table 11.
Solid cone injection
parameters
Flow rate
Droplet diameter
Radius
Velocity magnitude
Cone angle

Values for 50MPA
0.024112 (kg/s)
0.398(mm)
.199(mm)
250.648725 (m/s)
9.42 deg

Values for 100MPA
0.036483 (kg/s)
0.398(mm)
.199 (mm)
379.244751 (m/s)
9.42 deg

Table 11: Solid cone injector model setup for various injection pressures
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Values for 150MPA
0.045613 (kg/s)
0.398 (mm)
.199(mm)
474.160709 (m/s)
9.42 deg

Validation Case Setup
Siebers’ experimental set up and procedure is described fully in [27]. His experiment
was conducted under the conditions listed in table 12, which the Fluent model closely mimics.
Parameters
Ambient gas density
Ambient gas temp
Injection pressures
Orifice diameter
Orifice aspect ratio
Discharge coefficient
Fuel temperature
Wall temperature
Fuel type
Chamber volume

Siebers’ experimental
conditions
30.1 kg/m3
1300°K
50,100,150 MPa
0.498mm
4.2 (l/d)
0.84
438°K
454°K
C16H34
0.00126m3

ANSYS computational model
conditions
30.098 kg/m3
1300°K
50,100,150 MPa
0.498mm
4.2 (l/d)
0.84
438°K
454°K
C16H29
0.001125m3

Table 12: ANSYS case setup comparison with Siebers experimental setup

Determining the Break-Up Model Coefficients
AS mentioned previously, the wave model was used to describe the droplet breakup.
The two model constants that influence the breakup treatment are B0 and B1. B0 is a constant
that determines the new droplet radii from the KH breakup and B1 is a constant that determines
the KH breakup time. Fluent’s recommended coefficient values for the wave-breakup were
used initially, with B1 = 1.73 and B0=0.61. Literature suggests the B1 constant can range from
1.73-20 depending on the type of injection being used and B0 generally stays at 0.61 [42] [43].
Therefore, an iterative technique was used in which several cases were run with minor
adjustments made to the B1 constant until the liquid length computation matched the
experimental data for the 100MPA injection pressure. The final B1 value that provided the best
fit was 5.1 which resulted in a liquid length that fell within a 2% margin of the experimental
liquid length.
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Validation Results for Solid Cone Injection
After determining an appropriate B1 constant for the wave breakup model, additional
cases with varying injection pressures were conducted in effort to match the trends observed
from Siebers’ experiments. The data set being used to validate the Fluent injector model was a
plot of liquid length versus the pressure drop across the injector orifice for a range of injection
pressures 50 MPA to 150 MPA (see figure 11 in [27]). Figure 14 illustrates the liquid length
results from the Fluent simulation at varying values of the pressure drop across the orifice and
compares them with Siebers’ data. The data points from the simulation were taken after
injection duration of 1ms to enable the spray to reach a steady state. The breakup constants
used had values B0 = 0.61 and B1 = 5.1. The strong agreement found between the Fluent
simulation results and the experimental data demonstrated accuracy of the model. Over the
large pressure ranges the computed liquid lengths deviated by no more than 10% from the
experimental data, which was more than suitable for the investigation underway.

Fluent model liquid length
Experimental liquid length

50 MPA
29.596mm
26.898mm

100MPA
26.873mm
27.331mm

150MPA
28.824mm
26.898mm

Table 13: Liquid length comparisons between Fluent Injector model and Siebers’ experiment
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Liquid Length (mm)

Liquid Penetration as a Function of Pressure
45
40
35
30
25
20
15
10
5
0

Siebers Experimental
Solid Cone / Wave Model

0

50

100

150

200

Pressure(Mpa)

Figure 14: Comparison between Siebers’ experimental liquid lengths and computed liquid lengths as a function of injection
pressure.

50 MPA

100 MPA

150 MPA

Figure 15: Particle tracks colored by penetration length with varying injection pressures

Figure 15 shows images of the particle tracks at the 1ms flow time for the solid cone
injection cases at varying injection pressures. The penetration lengths remained constant
despite the varying injection pressures as Siebers found from his experiments [27].
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Another set of cases were run to gain further assurance of injector model validity. The
additional cases were compared with another set of Siebers’ penetration length results which
plotted liquid lengths over a variety of orifice diameters. A constant injection pressure was set
at 131MPA to mimic the conditions used for this set of Siebers’ experiments. The experimental
and computational results were likewise agreeable (see figure 16). After comparing all the
computer results with the experimental results, it was concluded that the injector model
developed in Fluent was valid.

Liquid Penetration as a Function of Orifice
Diameter
Liquid Length (mm)

35
30
25

Siebers
Experimental

20
15

Solid Cone/ Wave
Model

10

5
0
0

0.1

0.2

0.3

0.4

0.5

0.6

Orifice Diameter (mm)
Figure 16: Comparison between Siebers’ experimental liquid lengths and computed liquid lengths as a function of
orifice diameter
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Chapter 4 : Parametric Study on Micro Pilot Ignition Method
For the primary effort of this work, a parametric study was conducted on five variables
describing pilot injection that, according to literature, likely influence the combustion
characteristics of a direct-injection rotary engine [21] [22] [23] [25] [24]. The five parameters
investigated along with their upper and lower limits are listed in table 14 below. The parametric
study was specifically designed for a response surface analysis in effort to find the parameter
values that would maximize horsepower and thus also minimize specific fuel consumption (SFC).
JMP software was used to build the design table and perform the analysis.

Parameter
Pilot injector body orientation (from horizontal)
Ignition cavity location (θinj°)
Pilot injector start timing (crank angle)
Pilot injector retraction
Spark timing

Lower Limit
45°
TDC
290
5mm
2.5° after inj

Upper Limit
65°
15° ATDC
340°
15mm
22.5° after inj

Table 14: Parameters being investigated for response surface analysis with their upper and lower limits
defined.

Design Factors
Pilot Injector Body Orientation
Abraham and Magi’s work on the DISCRE [23] suggested that the flow field from the
main chamber generates a vortex within the pre-ignition cavity, which serves to mix and
distribute fuel more efficiently and improve spark conditions. Although none of their work
involved re-orienting the cavity, their findings implied that doing so could yield significant
benefits. Since the shape and orientation of the ignition cavity is strictly dependent on the
positioning and orientation of the pilot injector, the pilot injector body orientation was
considered in the parametric study to be an optimizing factor. Additionally, Wadumesthrige
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found benefits in power output by varying the main injector orientation [25] to achieve greater
air entrainment. This provided even more incentive to investigate the pilot injector orientation.
The three parameter levels describing pilot injector orientation are shown below in figure 17
with the ignition cavity positioned at TDC.
Pilot Injector Orientation

45° from Horizontal

55° from Horizontal

65° from Horizontal

Figure 17: Pilot injector orientations used for parametric study located at the epitrochoid waist (TDC)

Pilot Injector Location
In Jones’ work [24] on the DISCRE, it was realized that positioning the pilot injector
aTDC or “downstream” from main injector improved combustion. His work, however, did not
entail determining the best downstream location for the pilot injector. Nonetheless, from his
work, the location of the pilot injector (i.e. ignition cavity) intuitively seemed that it would play a
significant role in engine performance, especially after considering the squish flow effects from
the sweeping volume. The three parameter levels used for the location of the pilot injector
along the epitrochoidal housing are shown in figure 18.
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Ignition Cavity Location

TDC

7.5° aTDC

15° aTDC

Figure 18: Pilot injector locations along epitrochoidal housing used for parametric study

Pilot Injector Retraction
Muroki et al [21] and Abraham et al [23] both investigated how the retraction of the
pilot injector (i.e. distance from the spark plug) influenced the ignition quality. Both came to
same agreement that greater retraction permitted a better fuel distribution for the spark/glow
plug to initiate combustion. Both of their experiments were conducted in much larger
combustion chambers (700cc and 663cc), with larger ignition cavities, and different diesel
injectors. The results from Muroki and Abraham therefore may not directly apply to the smaller
rotary engine. Employing an ignition cavity on a 200cc rotary engine provides additional
challenges. Minimizing the ignition cavity volume is critical for preserving the compression ratio
and therefore, the volume-added must also be considered when determining appropriate
retraction length for the pilot injector. In any case, their work suggested that the pilot injector
retraction is an important optimizing factor and was therefore considered in this study. The
three parameter levels used for the pilot injector retraction are shown in figure 19, none of
which significantly affected the compression ratio of the combustion chamber.
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Pilot Injector Retraction

5mm from spark

10mm from spark

15mm from spark

Figure 19: Pilot injector retractions used for parametric study.

Pilot Injector Start Timing
Injector timing has always been a crucial factor for the performance of direct-injection
engines. Because of the sweeping volume, the pilot injector timing ultimately determines the
initial point of flame propagation within the main chamber. Early injection timing would likely
initiate flame propagation at the leading edge of the main chamber where as a late injection
would likely initiate the flame propagation at the trailing edge of the main chamber. The origin
of flame propagation as suggested by Yamamoto [5] is likely an influential factor on the
combustion rate of a rotary engine, especially due to its intrinsic squish flow features. Proper
correlation of the main injection timing with the pilot injection timing is necessary so that the
pilot flame is able to ignite the main fuel at or before TDC [23]. Thus, the pilot injector timing is
an important factor examined in this parametric study. The three factor levels for pilot injector
start timing are 290° CA, 315° CA, and 340° CA.
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Spark Timing.
The spark timings utilized in the study are meant to ignite the pilot fuel at different
stages of the injection. Therefore, the spark timings are set relative to the pilot injection timing.
The lower limit setting, at 2.5° CA after the pilot injector start timing, generates a plasma zone
ahead of the pilot fuel spray. This enables the spark kernel to ignite the fringes of the turbulent
droplet-air mixture. This turbulent-spray spark-ignition method was evaluated and reviewed by
Aggaarwal [44] and has proven to be a practical approach for achieving fast ignition in a variety
of combustion systems. The upper limit setting, at 22.5° after the pilot injector start timing,
alternatively, gives time for the pilot fuel to fully inject and distribute throughout the cavity
before ignition. Both early and late spark timings have been utilized successfully in DI engines,
and therefore it is fitting, in this effort, to determine which timing yields the advantage.

“Held Constant” Factors
Parameters of the pilot injector that were held constant throughout the parametric
study are listed in table 15 below. The nozzle geometry for the micro-injector was obtained from
[28] and thus the initial spray properties were derived using the theoretical methods described
in Chapter 2.
Pilot Injector Parameters
Injection type
Number of plumes
Evaporation species
Injection pressure
Droplet diameter
Fuel temperature
Injection duration
Velocity magnitude
Cone angle
Radius
Total flow rate
Total fuel

solid cone
1
C10H22
12 MPA
67 µm
330°K
18°
108 m/s
3.135°
33.5 µm
0.000277 kg/s
0.1385 mg

Table 15: Pilot injector parameters that remained constant.
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The engine speed used for all the simulations was 6000rpm. The AR741 rotary engine
redlines at approximately 9000rpm. However, at max engine speed, the advantages of
implementing the stratified charge concept are less realized. Not to mention, the rotary engine
utilized in the RQ-7 Shadow spends most of its time operating at cruising speeds not redline
speeds. Therefore, it was more fitting that the simulations were conducted in the higher cruising
speed range (i.e. 6000rpm).

Design Table
A face centered central-composite-design (CCD) was used to generate all twenty-seven
treatments of the design table for the response surface analysis. The face centered CCD was
advantageous because it required that there be only three levels for each factor. Other CCD
schemes would have required up to five factor levels and thus, would have demanded more
time for modeling and meshing additional engine geometries. Only one center point (Case 14)
was necessary for the CCD due to the invariance of computer simulation results.
The design table, including the twenty-seven treatments and their corresponding
responses, is shown in table 16. The responses, such as the HP, mean effective pressure (MEP),
peak pressure, and specific fuel consumption (SFC), were gathered from the combustion
simulation results for one chamber (chamber C) of the rotary engine model, measured over
three revolutions of the crank shaft (1 complete cycle of the rotor). Pumping losses were
considered in the calculations. After performing all Fluent simulations, as required by the
treatments in the design table, the responses were imported to the design table and JMP was
used to perform the statistical analysis and provided predictions as to what parameter values
would maximize the engine performance.

The results of the JMP statistical analysis are

discussed in the proceeding section.
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Orient- Loc- ReCase Pattern ation ation traction
1 −−−−−
-1
-1
-1
2 −−−++
-1
-1
-1
3 −−+−+
-1
-1
1
4 −−++−
-1
-1
1
5 a0000
-1
0
0
6 −+−−+
-1
1
-1
7 −+−+−
-1
1
-1
8 −++−−
-1
1
1
9 −++++
-1
1
1
10 0a000
0
-1
0
11 00a00
0
0
-1
12 000a0
0
0
0
13 0000a
0
0
0
14 00000
0
0
0
15 0000A
0
0
0
16 000A0
0
0
0
17 00A00
0
0
1
18 0A000
0
1
0
19 +−−−+
1
-1
-1
20 +−−+−
1
-1
-1
21 +−+−−
1
-1
1
22 +−+++
1
-1
1
23 A0000
1
0
0
24 ++−−−
1
1
-1
25 ++−++
1
1
-1
26 +++−+
1
1
1
27 ++++−
1
1
1

Spark
timing
-1
1
-1
1
0
-1
1
-1
1
0
0
-1
0
0
0
1
0
0
-1
1
-1
1
0
-1
1
-1
1

Pilot
timing
-1
1
1
-1
0
1
-1
-1
1
0
0
0
-1
0
1
0
0
0
1
-1
-1
1
0
-1
1
1
-1

Peak press
(Pa)

2770877.889
2001903.008
1975064.767
2961502.459
2721447.01
2000606.292
2484930.833
2650181.26
1979719.652
2937244.663
2726034.413
2620408.563
2630161.159
2575313.178
1991927.808
2549967.956
1993611.416
2033730.031
2160110.709
3013705.146
2927944.027
1988401.947
2215840.511
2465028.254
1980173.524
1973688.988
2488149.845

Peak
temp (°K)
1270.024
742.291
739.674
1319.416
1315.437
1212.305
1258.312
1247.966
1210.015
1306.845
1287.918
1270.365
1268.915
1257.891
745.082
1291.733
1228.625
1284.379
1297.821
1338.309
1352.603
740.715
1267.064
1300.91
1251.109
738.956
1250.399

MEP (Pa)
521726.7
-27712.6
-30933.2
542436.2
499548.6
229070.3
497304.6
550063.9
173303.6
530644.1
514143.7
508786.8
506988.1
504316.7
-19632.1
480596.5
282297.9
438580.1
427403.1
543752.8
557490.4
-73151.9
427315.2
513234.7
314219.5
-77990
485183.8

HP
4.724
-0.251
-0.28
4.91
4.526
2.075
4.505
4.983
1.569
4.81
4.654
4.618
4.595
4.571
-0.178
4.678
2.559
3.975
3.874
4.928
5.053
-0.712
4.156
4.65
2.847
-0.821
4.398

Table 16: Design of experiments table for response surface analysis

Statistical Model Results
Actual by Predicted
In order for the statistical model to be effective for optimizing parameter values, it must
be shown that it is significant and has predictive capabilities. The statistical model is significant
when one or more parameters have a recognizable effect on the response. The actual by
predicted plot, shown in figure 20, indicates that the model satisfied both of these
requirements. The blue line, which falls outside the 95% confidence interval curves,
demonstrates that varying the parameter values had a large influence on the HP response.
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SFC
(Lb/hp-h)

0.443
N/A
N/A
0.426
0.463
1.01
0.465
0.42
1.335
0.436
0.45
0.455
0.456
0.459
N/A
0.481
0.819
0.527
0.541
0.43
0.415
N/A
0.541
0.451
0.736
N/A
0.477

Likewise, the predictive capability was demonstrated by the small root mean square error. The
root mean square error is an indicator of the amount of random noise in the statistical model. In
this case, it was only 0.5328%, which is an order of magnitude less than the range of predictions.
This provided strong evidence that the model had predictive capability.

Figure 20: Actual responses plotted against predicted response for HP

Summary of Fit
The summary of fit report, as shown in figure 21, indicates the fit quality of the
predictive model. According to the Rsquare value , 98% of the variation in the responses were
attributed to the model rather than random error, which was another strong indicator of
predictive capability.

Figure 21: Summary of fit and ANOVA table from statistical model for HP
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Interaction Plots
Figure 22 shows the interactions that took place between factor pairs. Spark timing,
pilot retraction, and pilot orientation had strong interactions with eachother, as indicated by the
intersecting profile lines. It can be anticipated that 3-factor interactions also existed. The
current statistical model is not capable of captureing these higher order interactios because
they are confounded with the main effects. The higher order interatction that were not
considered may account for some of the random error indicated in the summary of fit report.

Figure 22: Interaction profiles between all five parameters in regard to HP

Sorted Parameter Estimates
The sorted paramter estimats indicates the strength of influence each parameter value
has on the response within the design space. According to figure 23, the pilot injector start
timing had the largest impact on HP generation followed by the pilot injector retraction. The
remaining parameter estimats that portrude the blue margin were also considered to have
significant effects on HP. Otherwise, the parameters that fall within the blue margin were
considered to have minor effects.
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Figure 23: Sorted parameter estimates indicating the strength of influence of each parameter on the HP.

Response Surface
The solution to the response surface (see figure 24) was a saddle point; meaning a local
extremum (i.e. fully optimized solution) was not determined. The canonical curvature with listed
eigenvalues and eigenvectors indicate the direction of minimizing and maximizing the response.
The eigenvectors show that the dominant negative curvature (maximum) was primarily in the
pilot injector timing and pilot retraction direction, whereas the dominant positive curvature
(minimum) was primarily in the spark timing and the pilot location direction. The critical values
for injector timing and pilot retraction experienced a local maximum, whereas the critical values
for pilot injector orientation, pilot injector location, and spark timing experienced a local
minimum. The injector timing and pilot retraction, according to the parameter estimates,
dominated the combustion characteristics. For that reason, determining their maximum critical
value was a significant achievement, despite the failure to do the same with the other factors.
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Figure 24: The response surface results for HP generation

Prediction Profiler
The prediction profiler, shown in figure 25, displays the predicted response for each
individual variable as the others are held constant. This tool in JMP is used for parameter
optimization. The red dotted lines indicate the parameter value (Vertical Line) and the
correlating statistical prediction of the response (Horizontal Line). Figure 25 shows the predicted
responses for parameter values set according to the saddle point solution. The prediction
profiler suggested that a HP of 4.72 would be achieved. The Fluent simulation yielded a close
response of 5.028 HP, which only deviated from the statistical prediction by 6.1% (see table 17).
The prediction profiler as used in figure 25 for the saddle point solution was also used to
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determine parameter values that would provide the best engine performance. The optimized
parameter values and their resulting response are discussed in chapter 5.

Figure 25: HP prediction profiler for saddle point parameter values

Saddle Point
Orientation Location Retraction
-0.2383

-0.0120

-0.1535

Spark
timing
0.0820

52.61°

7.41°

9.23mm

11.5°

Pilot
timing
-0.5199
302°

Peak press

Peak
temp (°K)

MEP (Pa)

(Pa)

2784912.133

1383.591

554732

HP
5.028

Table 17: Saddle point parameter values and resulting responses from Fluent simulation.

Residual Analysis
A residual analysis was also conducted in order to confirm that there were no issues
with the model adequacy. The results showed that the residuals had no dependence or
relationship with the predicted value or the factor inputs. Also the residuals all fell within the
normal probability range. From these results the normal assumption was validated and model
adequacy was verified.
Residual Analysis

Residual Vs Predicted

Residual Vs. Orientation
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SFC
(Lb/hp-h)

0.417

Residual Vs Location

Residual Vs Retraction

Residual Vs Pilot Spark

Residual Vs Pilot Timing

Figure 26: Residuals plotted against the predicted values and the residuals plotted against all the factor levels.

Figure 27: Normal quantile plot of residual values
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Discussion
After examining the results from the statistical analysis, a selection of the simulation
results were closely examined to gain physical explanations for the variation in combustion
characteristics throughout the design space. Several observations were made in regards to each
factor and how it influenced the ignition and combustion process of the DISCRE. These
observations are thoroughly discussed in the proceeding sections
Pilot Injector Orientation
The pilot injector (ignition cavity) orientation in this study had very little effect on engine
HP. This is indicated by its ranking among the parameter estimates. The orientation of the pilot
injector only played a significant role in the ignition/combustion process when the ignition
system was located at TDC. The ignition cavity located at TDC seemed to experience intense
flow across the interface where it otherwise did not. The pilot injector orientation determined
how this intense flow was captured and driven within the cavity. The velocity vector field in the
ignition cavity generated by the squish is illustrated in figure 28 for different orientations. The
45° orientation induced a significant amount of circulation around the spark zone in the counter
clockwise direction. Alternatively, the 65° orientation did not induce much circulation. The
streamline plots, shown in figure 29, demonstrate the distinction in flow phenomena more
clearly. Abraham and Magi suggested that circulation around the spark zone is beneficial for the
ignition process since it enables the fuel to convect towards the spark region. The parametric
study however indicated better combustion characteristics yielded from the 65° orientation,
which was non-circulating.
The gain in HP with a steeper orientation at TDC is perhaps explained by comparing the
turbulent intensities of the two orientations. The 65° orientation provided greater turbulent
intensity at the cavity-housing interface as indicated by figure 30. The increase in turbulent
60

intensity could be a result of the larger opening provided by the 65° orientation or possibly a
result of how the squish flow was captured by the steeper pilot injector channel. Never the less,
increasing turbulent intensity is a benefit because it serves to stretch and mix the flame kernel
from the spark and thus promotes quicker flame growth into the main chamber. Although the
statistical results suggested that the orientation was largely insignificant, it did play a role in the
combustion process for the pilot injector located at TDC.

45° from Horizontal

65° from Horizontal

Figure 28: Comparison of mid-plane velocity vector field at 330° CA; colored and scaled by velocity magnitude

45° from Horizontal

65° from Horizontal

Figure 29: Comparison of mid-plane streamlines at 330° CA; colored by velocity magnitude
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45° from Horizontal

65° from Horizontal

Figure 30: Comparison of mid-plane contours of turbulent Intensity at 330° CA.

Pilot Injector Location
The downstream location of the MPFIS played a more significant role than the pilot
injector orientation. However, its effects were still relatively minor. The statistical analysis favors
the location to be at TDC. This may be due to several reasons. The first observation comes from
comparing cases 10 and 18. Case 10 and case 18 only vary by pilot injector location. In figure 31
the reaction progress contour is displayed along with the fuel charge at 350° CA for both cases.
The blue cloud indicates the main fuel charge and the multicolored contour indicates the
reaction progress variable. The reaction progress variable holds a value of 1 if the mixture is
burnt and 0 if the mixture is unburnt. A reaction state in-between 0 and 1 implies that the
reacting flow field has portions of both burnt and unburnt mixtures and is weighted accordingly.
Therefore the reaction progress variable is an excellent tool to determine the general location of
the flame brush. With that in mind, a significant distinction is made between case 10 and case
18 at this stage of the combustion process. In case 10 the flame brush had filled the ignition
cavity and spread to the main chamber, however, in case 18 the flame brush had not developed
enough to fill the cavity or spread to the main chamber. Figures 32 and 33 seem to indicate that
this contrasting behavior is due to the difference in flow field characteristics at these two
locations.
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Case 10

Case 18

Figure 31: Progress variable contours with fuel charge shaded blue, comparing cases 10 and 18 at a CA of 350°

The flow field at TDC seemed to enhance fuel-air mixing and promote more rapid
flame expansion in the cavity. Contours of turbulent intensity are shown in figure 32 and
indicate that the cavity-chamber interface at TDC possessed greater turbulent intensity.
Turbulent intensity indicates the magnitude of velocity fluctuations in the flow region which
ultimately affects fuel-air mixing, reaction rates, flame stretching, heat transfer, etc. As
mentioned earlier, greater turbulent intensity results in an increase of these properties which
provides better conditions for ignition.

Case 10

Case 18

Figure 32: Comparison of turbulent intensity contours at TDC between case 10 and case 18

The streamlines in figure 33 show that the cavity flow for case 18 was circulating at
the spark location, whereas for case 10, very little circulation was occurring. Mastorakos’ review
of turbulent non-premixed combustion [45] suggests that flames in recirculation zones often fail
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to expand. The recirculating region has a tendency to trap combustion bi-products and withhold
fresh supplies of gas to the flame. Mastorakos advises that most ignitable region is the shear
layer between the annular flow and recirculating zone. The streamlines in figure 33 shows that
this ignitable region was more prominent in the TDC cavity (case 10) than the 15° aTDC cavity
(case 18). Moreover, the contours of Φ, shown in figure 34, also demonstrate how the
recirculation occurring within the cavity for case 18 inhibited the distribution of the pilot fuel.

Case 10

Case 18

Figure 33: Comparison of streamline plots for case 10 and 18 at a CA of 320°

Case 10

Case 18

Figure 34: Comparison of Φ contours between case 10 and case 18 at a CA of 330°.

Lastly, the flame issued from the ignition cavity at TDC encountered the main fuel
charge as it was passing over the interface, whereas the flame issued from the ignition cavity at
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15° downstream from TDC was slightly preceding the main fuel charge. Due to the dynamic
nature of the combustion chamber, the flame propagation in a rotary engine is much slower
traveling upstream than downstream. Therefore case 10 had an advantage because the pilot
flame ignited the main fuel from the center of the charge enabling forward (faster downstream)
flame propagation whereas the pilot flame from case 18 ignited the fuel at the leading edge of
the charge allowing for only backward (slower upstream) flame propagation. This observation
implies that the combustion speed in the entire working chamber depends on the starting
position of the flame propagation which was also realized by Yamamoto [5].
Pilot Injector Retraction Distance
The retraction distance of the pilot injector had a much greater influence on the
ignition and combustion characteristics of the DISCRE than the parameters previously
mentioned. The retraction distance was the second most influential parameter on HP
generation. Comparing cases 11 and 17 provides insight as to how the combustion
characteristics were affected by varying the retraction distances. Figure 35 indicates that the
shorter retraction distance (Case 11) enabled the burning pilot fuel to exit the chamber more
promptly and with a stronger trajectory toward the main fuel charge than the longer retraction
distance did (Case 17).
The 5mm retraction implemented more of a spray ignition technique, which
promoted quicker flame spread across the cavity-chamber interface. The velocity vectors from
case 11 indicate that the spray momentum from the pilot injection was working with the
expansion of the combusting gases to mobilize the flame into the main chamber. The velocity
vectors from case 17, alternatively, indicate that the spray momentum was lost before reaching
the spark zone. Therefore, the pilot fuel approached the spark more slowly and combustion was
delayed.
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Case 11

Case 17

Figure 35: Comparison of velocity vectors at mid-plane for case 11 and case 17 at a CA of 330°

Muroki et al [21] and Abraham et al [23] both suggested that greater retraction
permitted a better fuel distribution in the cavity. This observation was recognized throughout
the parametric study and is shown by Φ contours in figure 36. However the spark event, being
so advanced at 12.5° after injection, did not yield any benefit from the better fuel distribution
since the better fuel distribution did not reach the spark location promptly.

Case 11

Case 17

Figure 36: Comparison of Φ contours for case 11 and case 17 at a CA of 330°

Since the better fuel distribution provided by the greater retraction distance didn’t
reach the spark zone in a timely fashion, the shorter retraction distance provided better
combustion characteristics. The reaction progress variable contours indicate this in figure 37.
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At a 330° CA the reaction progress for case 11 had already filled the ignition cavity and
significantly spread into the main chamber, whereas the reaction progress for case 17, at the
same time, had just partially filled the ignition cavity and had not spread into the main
chamber. From these two contour plots it is clear that the shorter retraction distance of the
pilot injector had the advantage over the larger retraction distance. The shorter retraction
distance simply promotes faster ignition of the pilot fuel and more rapid flame spread into the
main chamber.

Case 11

Case 17

Figure 37: Comparison of reaction progress contours between case 11 and case 17 at a CA of 330°

Spark Timing
The influence of the spark timing on ignition and combustion performance was
notable when paired with the location and retraction of the pilot injector. The statistical results
indicated that a greater retraction distance and further downstream location preferred later
spark timing. On the contrary, a shorter retraction distance and location at TDC preferred early
spark timing. When the location and retraction distance of the pilot injector were intermediate,
the spark timing did not significantly influence the power output. The reaction progress vs. flow
time plots in figure 38, comparing case 12 and 16, indicate that the combustion characteristics
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remained very similar despite the difference in spark timings. Moreover, the total power output
varied between the two cases by only by 1.3%.

Reaction progress in pre-ignition cavity

Reaction progress in main chamber

Figure 38: Comparison of reaction progress variable plotted with flow time for both the main chamber and the pre-ignition cavity for
case 12 and case 16

As mentioned previously, the shorter retraction distance moderately employed a spray
ignition technique. Typically for spray ignition the most ignitable and stable region is the
stagnation point of the spray [44]. For the small retraction distance, the stagnation point of the
pilot injector spray conveniently approached the spark zone and cavity-chamber interface where
it was able to mix with the main chamber flow field and fuel charge (see figure 39 for case 19).
For this scenario, early spark timing was preferred in effort to generate a plasma zone for the
ignitable stagnation point of the spray to encounter and combust. Otherwise, for greater
retraction distances, the stagnation point of the spray did not reach the cavity-chamber
interface, and in some cases, not even the spark region. Consequently, early spark timing was
not beneficial. In fact, the results indicated that more time than what was given for even a late
spark was necessary to allow the fuel-air mixture to evenly distribute within the cavity and reach
the spark domain (see figure 39 for case 27). Figure 39 shows the pilot injection particle tracks
with overlapping reaction progress contours for case 19 (an early spark with 5mm retraction
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distance located at TDC) and case 27 (a late spark with 15mm retraction distance located 15°
aTDC).

Case 19: image captured during injection.

Case 27: image captured after injections is
complete and fuel is still mixing

Figure 39: Contours of reaction progress with particle track data to visualize spray ignition, at 8° CA after spark.

Pilot Injector Timing
The pilot injector timing made the greatest contribution to the combustion
performance and was by far the dominant source of variance within the parametric study.
Abraham and Magi emphasized in their work that proper correlation of the pilot injection timing
with the main injection timing was crucial for optimum performance, particularly for igniting the
main fuel before TDC. Their observation was strongly realized within the scope of this
parametric study. The maximum HP generated by a late pilot injection was 3.874 HP (from case
19) which was still less than the minimum HP generated by an early pilot injection (4.398HP
from case 27). The significance of this parameter is demonstrated in part by comparing the
results of cases 13 and 15.
The late pilot injection did not provide adequate time for the pilot fuel to mix,
combust, and spread to the main chamber before the chamber reached TDC. The early injection
on the other hand provided ample time for these processes to occur.
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a. Pre – ignition cavity

b. Main Chamber
Figure 40: Mass average reaction progress variable vs. flow time for the pre-ignition cavity
and main chamber.

Figure 40 demonstrates the benefit of the early injection by comparing the mass
average reaction progress vs. time between cases 13 and 15 for both the ignition cavity volume
and the combustion chamber volume. According to the plots, the failure to generate HP in case
15 did not stem from a failure to ignite the pilot fuel. Figure 40a indicates that combustion was
occurring in the ignition cavity for case 15. The failure to generate HP simply stemmed from the
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late ignition timing. The combustion within the ignition cavity matured so late it missed the
opportunity to ignite the main fuel charge.
The advantage of early pilot injection is more clearly seen in Figure 41, which
compares the reaction progress contours between cases 13 and 15 at TDC. For case 13, the
reaction progress variable indicates that there were mixtures within the combustion chamber
that were already burnt, meaning the combustion process had already initiated in the chamber
as it began to expand. As for case 15 however, the reaction progress variable indicates that
there were no burnt mixtures in the combustion chamber as it began to expand. As a result it
was losing valuable time to perform work.

Case 13

Case 15

Figure 41:Comparison of reaction progress variable contours for case 13 and case 15 at a CA of 360°

Another major observation that supported earlier pilot injection timing was the
variation in gas densities between the late injection timing and early injection timing. At a 290°
CA (lower limit) the pilot fuel was injecting into a chamber with an ambient gas density of 4.62
kg/m3 and an average temperature of 653.8°K, whereas at a 340° CA (upper limit) the pilot fuel
was injecting into a chamber with a gas density of 7.97 kg/m3 and an average temperature of
768.7°K. According to Siebers’ experiments [27], liquid length is dependent on ambient gas
density and temperature. As the gas density and temperature increase, so does the air
entrainment and evaporation rate of the spray. Consequently, less time and space is required
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for the liquid spray to penetrate through the continuous phase. As a result of these differences,
the early injection had greater liquid penetration than the later injection which provided the
early injection with more distributed fuel-air mixtures and thus better conditions for the ignition
process to succeed.
Figure 42 compares the penetration lengths and DPM evaporation/devolatilization
halfway through the injection for both timings. The DPM evaporation and devolatilization is a
measure of the exchange of mass from the discrete phase to the continuous phase due to
droplet evaporation and combusting particle devolatilization. It is obvious from these images
that earlier injection yielded the advantage for the current pilot injector setup. With the early
timing, the fuel penetrated to the spark area and even to the cavity-chamber interface due to its
slower evaporation/devolatilization rate. Often times, a faster evaporation/devolatilization rate
is desired for direct-injection applications because it allows for later injection timing and thus
helps avoid engine knock. In the current case however, the faster evaporation/devolatilization
rate for the late injection was hindering fuel penetration and was therefore generating a rich
and almost stagnant mixture within the ignition cavity.

Case 13 particle tracks colored by DPM evaporation
Case 15 particle tracks colored by DPM evaporation
Figure 42: Comparison of DPM evaporation and devolatilization for case 13 and case 15 at 10° after injection

This distinction in evaporation rates and penetration lengths may also have been a
result of vast differences in the flow field within the ignition cavity at the two separate times.
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Figure 43 indicates the differing flow field conditions within the cavity at the time of injection.
The flow inside the cavity at the time of the late injection (case 15) was dominated by the squish
flow. By the time the pilot fuel injected, a strong recirculation had developed, providing
conditions that enhanced evaporation rates and may have prevented the fuel from penetrating
into the spark region. At the time of early injection (case 13), the squish flow had not occurred
yet. Therefore, little recirculation was experienced within the cavity which may have allowed for
greater penetration lengths and a more even distribution of the fuel.

Case 13 - stream lines colored by velocity

Case 15 - stream lines colored by velocity

Figure 43: Comparison of streamline plots released at the mid-plane for case 13 and case 15, 10° after pilot injector
timing
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Chapter 5 : Investigation of Optimum Parameters
The parametric study conducted in this work, along with case evaluations previously
discussed, led to many important discoveries and design considerations for the MPFIS. From the
prior observations made, along with the strong support from the response surface analysis,
optimum settings for the design parameters were carefully selected. This chapter observes
these optimum design parameters for the MPFIS and discusses in further detail the resulting
quality of combustion for the DISCRE. For easier reference, the optimized pilot flame ignition
configuration and simulation will be referred to as case 28.
The best parameter values estimated from the prediction profile were used to run an
optimum case. The computational results of the case are shown in table 18. The results,
although impressive, unfortunately did not yield the high HP as suggested by the prediction
profiler. The prediction profile anticipated a response of 7.3 ±1.39 HP where the computational
solution yielded a response of 5.313 HP. This response fell outside of the 95% confidence
interval of the predicted values. After further investigating the discrepancy, it was concluded
that the power output of the computational model had reached a threshold value. A variety of
additional cases were performed in effort to exceed the 5.3 HP limit, however, 5.3 HP remained
unsurpassed. The computational model had experienced a ceiling effect, which the statistical
model was not resolved enough to pick up. None the less, the results from the prediction
profiler successfully led to a maximum HP of 5.313 with a SFC of 0.395 Lb/hp*h. The statistical
model may not have been completely efficacious in accurately predicting the value of the
maximum responses. However, the statistical model did serve well as a guide, exposing the
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important trends from varying the parameters, indicating the favorable parameter settings
within the design space, and leading to parameter optimization.
Optimum Case
Orientation
1
65°

Location

Retraction
-0.68
6.6mm

-1
TDC

Spark
timing
-1
314.5°

Pilot
timing
-0.51
302°

Peak press (Pa)

Peak temp

MEP (Pa)

HP

SFC (Lb/hp-h)

(°K)

3110341.6(Pa)

1442.4 (k°)

586202.9 (Pa) 5.313

Table 18: Optimized parameter values and resulting responses from Fluent simulation

Figures 44-46 compare the resulting combustion characteristics of case 28 against two
other critical cases that were previously conducted in the parametric study, case 14 and case 21.
Case 14 was the center point for the parametric study and case 21 was the best performing case
of the parametric study. Figure 44 compares the pressure traces, figure 45 compares the fuel
consumption, and figure 46 compares the mass average temperatures, all for a complete cycle
of chamber C. Overall, the estimated optimum parameter values of case 28 provided a 16.2 %
gain in HP over case 14 and a 5.2% gain in HP over case 21. The same improvement was seen on
the fuel consumption and similar improvements were seen on the peak temperatures and peak
pressures.

Figure 44: Main chamber pressure trace comparison for one complete cycle
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0.395
(Lb/hp-h)

Figure 45: Main chamber fuel consumption comparison for one complete cycle

Figure 46: Main chamber mass average temperature comparison for one complete cycle
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A thorough evaluation was conducted on case 28 using CFD-post. The evaluation led to
several observations that helped explain the apparent gains in the combustion process. Thus,
fine tuning the parameter values distinguished case 28 from many of the cases described in the
previous discussion. One noticeable distinction was demonstrated by the path-lines and velocity
vector plots provided in figure 47. Immediately before and after the pilot injection event, there
was no indication of recirculating flow in the cavity. From previous cases, recirculation hindered
pilot fuel penetration and flame spread to the main chamber. This attribute of the ignition
system therefore is believed to have contributed, in small measure, to the gain in HP.

A: Stream lines released from mid-plane at 300°
crank angle (2° before injection)

B: Streamlines released from mid-plane at 310°
crank angle (8° into injection)

C: Velocity vector plots from mid-plane at 310° crank angle
Figure 47: Streamline and velocity vector plots for case 28
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Another distinction made was that the spray ignition technique was well employed.
Figure 48 shows the evaporation and devolatilization is occurring most prominently at the spark
location and chamber-cavity interface. Also, it can be seen from figure 48 that the retraction
distance was harmonious with the pilot fuel penetration, thus enabling the fuel spray to feed
the flame kernel from the spark and help carry the flamelet just beyond the chamber-cavity
interface to intercept and ignite the passing main fuel charge.

Figure 48: Particle tracks colored by DPM evaporation and devolatilization overlapping reaction
progress variable contours

As demonstrated earlier, the position, retraction, and orientation all determine the
amount of turbulent kinetic energy at the cavity-chamber interface. The magnitude of turbulent
kinetic energy is influential toward flame speed, heat transfer rate, and droplet evaporation,
which all play a significant role in the ignition phenomenon. Therefore, using a setup that
generates and promotes turbulent kinetic energy is a relevant endeavor. Figure 49
demonstrates the unique prominence of turbulent kinetic energy for case 28 at the spark and
interfacial regions during the pilot injection. This attribute of the ignition cavity flow region is
understood to also have contributed to the improved combustion performance.
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Figure 49: Turbulent kinetic energy contours at chamber-cavity interface during pilot
injection and ignition process.

Lastly, it was recognized that the flamelet emitting from the ignition cavity was
conveniently timed such that the point of flame propagation in the main chamber was slightly
centered to promote forward flame propagation and also timed such that the flamelet within
the cavity maintained strong intensity throughout the duration by which the main charge passed
over it. These observations are shown in figure 50 by temperature contours overlapping fuel
ratio contours. Thus, the pilot injector timing at a 302° CA was veritably significant for
contributing to the gains realized in case 28.
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330° crank angle

360° crank angle
Figure 50: Total temperature contours overlapping fuel distribution contours,
indicating the flame propagation from the ignition cavity into the main chamber.

These gains in ignition and combustion performance were realized at an engine speed of
6000rpm which is typically considered slightly above cruising speed. Combustion performance at
4000rpm and 8000rpm were tested as well to observe the performance under different
operating conditions. Table 19 shows the results.
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RPM
4000
8000

Orientation
65°
65°

Location
TDC
TDC

Retraction
6.6mm
6.6mm

Spark
timing
314.5°
314.5°

Pilot
timing
302°
302°

Peak press

Peak temp

3107207.969
26982228.263

1516.766
1259.656

MEP

HP

586203.4 3.5421
506873.483 6.1227

Table 19: Parameter values and results for case 28 being ran at 4000rpm and 8000rpm.

The conditions used for case 28 at 4000rpm generated a HP of 3.54. At 8000 rpm 6.12
HP was generated. The pressure, fuel consumption, and temperature curves are shown in
figures 51, 52 and 53. These combustion characteristic plots are shown comparatively by CA (i.e.
stroke progress) not flow time.

Figure 51: Pressure traces with respect to CA for optimum case at different engine speeds
over the course of one complete cycle
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BSFC
0.395
0.456

Figure 52: Fuel consumption plot comparison for optimum case at different engine speeds
over the course of one complete cycle

Figure 53: Average temperature traces with respect to CA for optimum case at different
engine speeds over the course of one complete cycle
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Figure 54: PV plot comparison for optimum case at different engine speeds (4000rpm, 6000rpm, and 8000rpm) over
the course of one complete cycle

At the slower engine speed the combustion characteristics did not deviate much from
original. At the fast engine speed, however, the combustion characteristics deviated noticeably.
The peak pressure and peak temperatures significantly dropped and the rate of combustion
with respect to the stroke progress declined as well. This phenomenon is not unusual in DI
engines. Engine speeds directly affect the flow field conditions within the combustion chambers
and limit the time duration available for the ignition and combustion processes to mature. As a
result, it is often necessary to implement a controller that can govern injection parameters such
as timing and pressure as a function of engine speed. Figure 55 shows a comparison of the of
the flow field velocities between the 6000rpm case and the 8000rpm case. The size and color of
the vectors are scaled by velocity magnitude. The differences in flow field velocities are strongly
demonstrated.
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Velocity vectors at mid-plane for case 28 at 6000rpm

Velocity vectors at mid-plane for case 28 at 8000rpm

Figure 55: Comparison of velocity vectors for optimum case operating at 6000rpm and 8000rpm.

The flow velocity inside the combustion chamber operating at 6000rpm is clearly less
intense than the flow velocity inside the chamber operating at 8000rpm. It can be seen from the
velocity vectors that the main fuel experienced less flow resistance during injection when
operating at lower engine speeds. Less flow resistance means less air entrainment, which leads
to greater penetration distances. As mentioned previously greater penetration lengths can
benefit mixing by allowing the fuel to distribute more uniformly throughout the chamber. The
Φ comparisons in figure 56 demonstrate this inherent feature as well. At 6000rpm the fuel
charge was able to fill a larger space and is thus, more distributed. At 8000rpm, however, the
fuel was encountering more resistance from the flow, evaporating more rapidly, and providing a
more concentrated fuel-air mixture for the pilot flame to ignite, which resulted in slow
combustion. It is difficult to make the distinction immediately by looking at the contour plots.
However, after a closer look at the Φ contours of the 8000rpm case, it is apparent that the fuel
charge has a richer midsection. This is indicated by the greater abundance of red shaded area,
which can be seen through the transparent lean mixture bordering fuel charge.
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Φ at 300° CA for case 28 at 6000rpm

Φ at 310° CA for case 28 at 8000rpm

Φ at 300° CA for case 28 at 6000rpm

Φ at 310° CA for case 28 at 8000rpm

Figure 56: Comparison of Φ contours for optimum case operating at 6000 rpm and 8000 rpm

The observations just discussed suggest that a modification is more imperative for the
main injector than for the MPFIS at engine speeds of 8000rpm. The parameter values used for
the pilot ignition system have shown great advantage for engine operation between 40006000rpm. None the less, the optimum parameter values for the pilot ignition system should not
be assumed for the entire operating envelope of the DISCRE. For top performance at high
engine speeds, further analysis is necessary.
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Chapter 6 : Conclusion
This work was motivated by the AFI to help develop a reliable ignition source for a multifuel capable DISCRE. Abata, Muroki, and Abraham [13] [21] [22] [23] demonstrated the benefits
that proceed from using a PFIS over a typical spark ignition system. Their work, however, did
not provide significant detail on the system’s optimum parameter values nor did it appropriate
the system to function on the 200cc rotary engine being used to power the RQ-7 shadow. This
work attempted to apply their ignition approach to the RQ-7 shadow rotary engine and observe
optimal settings for a selection of the most dominant parameters.
The study on the micro-pilot flame ignition strategy was not conducted experimentally
but instead computationally using ANSYS Fluent 13.0. A 3D mesh model of the rotary engine was
developed in Gambit and numerical methods were used to solve the conservation equations,
species transport, multi-phase interactions, etc. of the combustion processes. The injector
model for the current study was developed in ANSYS Fluent and was validated with Siebers’
experimental data [27] using methods comparable to that described in Beale’s work [26]. In
addition to that, the combustion model was roughly validated with experimental data from a
test rig located at LK Industry’s facility. This validation however was not completed and currently
requires more work, as the pressure traces indicated that the actual engine was suffering from
frequent misfires.
The parametric study was performed, in which twenty seven cases were run, for a
response surface analysis in effort to determine the parameter values that would result in the
maximum power output and minimum fuel consumption. The simulations were run under the
same conditions at an engine speed of 6000rpm while operating on N-Decane. The parametric
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study was successfully used, by means of the prediction profiler, to determine the best
parameter values for the MPFIS within the pre-defined parameter ranges. A 16.2% gain in HP
generation was realized over the center point case and a 5.2% gain in HP was realized over the
case that performed best of the twenty seven in the design table.
A thorough evaluation was conducted in effort to explain why these gains were
achieved. The best ignition and combustion characteristics were observed when the pilot
injector was located at TDC, oriented at 65° from the horizontal, had a retraction distance of
6.6mm, a semi-early injection timing of 302° CA, and an early spark timing of 2.5° after the pilot
injector start time. At the waist of the housing, with a steep orientation, the squish flow was less
likely to generate strong recirculation within the cavity. Also, due to variable pressure in the
chamber, the gas density within the cavity at TDS was slightly less than what was observed
further downstream, promoting greater liquid penetration lengths and more distributed fuel-air
mixtures. Additionally, the 6.6mm retraction distance permitted the turbulent spray from the
pilot injection to penetrate and assist the flame spread just beyond the cavity into the main
chamber. Lastly, the optimum injector timing and spark timing provided more suitable
conditions for the pilot fuel to penetrate to interfacial regions of the cavity and also allowed for
the initial flame propagation to start in the central region of the main fuel charge, where fast,
downstream, flame growth is most apparent.
To finish the study, these optimum parameters were used to run two additional cases at
different engine speeds in effort to realize gains under different operating conditions. At
4000rpm the MPFIS performed similarly to that at 6000rpm. However, at 8000 rpm the MPFIS
did not appear to provide much benefit.
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Overall, the micro-pilot flame ignition strategy holds much promise for future
application to small scale DISCRE’s resembling the AR741. The micro-pilot flame ignition strategy
from these studies has shown to be more than feasible, and the effective optimization of
important parameters has given strong reason to continue the development of such an ignition
strategy.
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Chapter 7 : Future Work
Because of the rapid evolution of technology, new opportunities for advancement and
new inspiration for design are continuously arising. This work attempted to use a recent
technology such as the micro-nozzle diesel-injector in effort to boost ignition stability, power
output, and fuel economy of a 200cc DISCRE and make it suitable for military applications. In
the process of conducting this work, many avenues for improvement were realized along with
the requisite for supplementary work. These are briefly discussed below.
One avenue for improvement is to utilize the more resolved models and discretization
schemes as provided in Fluent. CFD is quickly becoming the work-horse for engine developers in
the military and commercial trade. As mention previously, CFD avoids costly prototyping and
experimental setup and provides a platform to perform repeatable tests and gather exhaustive
data for visualization. The danger of CFD, however, is that it is prognostic instead of actual.
Many of the numerical models and discretization schemes used in CFD require assumptions to
be made and often do not capture the entire physical phenomena occurring. Using the most
resolved discretization algorithms and numerical models with proper convergence criteria will
help avoid misleading results. More resolved models and methods were available in ANSYS
Fluent for use in this study; however, due to time constraints and limited computational
resources, they were not implemented. .
Another endeavor for future work is to perform the parametric study over another
range of values. The response surface analysis from the parametric study indicated that the
spark timing, pilot injector location, and the pilot injector orientation all had positive curvature.
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The range in which these parameter values were being tested provided a solution minimum
instead of a solution maximum. To find the optimal value for these three parameters, additional
studies would be required over a new rage of values until negative curvature was achieved.
Additionally, the MPFIS was described in this investigation using only five variables.
Other variables that were not considered in this investigation that could potentially influence
the ignition and combustion process include number of orifices on the pilot nozzle, amount of
pilot fuel being injected, diameter of the micro-nozzle orifice, injection pressure, spark
retraction distance, and pilot channel diameter. Therefore, further investigation including these
additional parameters would be beneficial in accomplishing maximum power output and fuel
economy.
Also, the MPFIS in the model used for this study did not incorporate the true geometry
of an actual spark electrode or injector nozzle. The geometry utilized in this study for the pilot
ignition system was simplified for rapid modification and easy mesh modeling. Therefore,
further development of the pilot ignition strategy would require a more detailed geometry
including the actual dimensions of the spark plug, injector nozzle, and pilot recess channel based
on what is available on the market and what satisfies the constraints imposed by the engine
housing.
Lastly, this work has served to suggest an effective means for initiating the combustion
of a DISCRE. With the ignition process resolved and optimized, room for further advancements
is given, allowing for the focus to be shifted to new areas of development. Other features to
consider in the DISCRE development, aside from pilot flame ignition, include rotor pocket
geometry [46], intake port geometry [47] , and thermal management materials to achieve an
adiabatic combustion process [48]. Since the flow is strongly unidirectional at TDC, a unique
rotor pocket could be used to help induce turbulence in the main chamber, allowing for better

90

fuel mixing and flame spreading. Additionally, modifying the inlet port geometry or even adding
auxiliary ports, as Mazda successfully did [7] [49], could provide additional gains in volumetric
efficiency for the DISCRE. And finally, utilizing thermal management materials to achieve
adiabatic combustion within the rotary engine would serve greatly to improve thermal
efficiency.
Aside from the many avenues for improvement and continuation of this work, the
computational study of a MPFIS for a DISCRE was itself, a necessary stepping stone for
advancing the development of a small-scale, multi-fuel capable, rotary engine. It was a great
privilege to contribute to such a task. And not only that but, it is eagerly anticipated that the
results from this work will benefit the future progress of the DISCRE, especially for military
applications.
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Chapter 9 : Appendix
Engine Model Validation Results
The engine validation effort is, as mentioned previously, is considered a first-order proof
of concept. This is largely because pressure transducer data indicated that the experimental
engine was suffering from frequent misfires. This can be seen in figure 57 by the inconsistent
pressure peaks generated by the oscilloscope from the pressure transducer. Comparing the
experimental results with the computational results indicated that the computational model had
a tendency to under predict the power output. These comparisons are made in table 20.
According to the results, it is likely that the simulations discussed in this study were conservative
estimates.

As mentioned before, efforts are currently underway achieve more resolute

experimental data for the engine model validation.

Injection

Input Parameters
Fuel
Injection pressure
Injection start timing

Dynamic mesh
Boundary conditions

O

O

180 BTDC

180 BTDC

32 Below TDC
13.5mg

Injection amount
Location

O

10 Above TDC
O

50 BTDC

Duration

20 ~ .520ms
6400
14.7 psia

O

RPM
Inlet pressure
Inlet temperature

Horsepower

O

290K ~ 62.3 F
14.7 psia
O

810K ~ 998 F
15.2 HP

Table 20: Comparison between experimental engine test and computational engine simulation.
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O

32 Below TDC
13.5mg
O

10 Above TDC
O

Spark timing

Outlet pressure
Outlet temperature
Output

Experimental
JP8
2500 psi

O

Injector location
Spark

CFD
JP8
2500 psi

50 BTDC
6416
14.7 psia
O

63 F
14.7 psia
O

1031 F
16.6 HP

Screen-shot from Dynamometer Test

Pressure Transducer Output

Figure 57: LK Industry’s rotary engine test data; performed in effort to validate Fluent model.
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